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The objective of the work presented in this dissertation is to incorporate nanosized silica phases into carbon-carbon materials. Cyanate ester (PT-15, Lonza Corp)
composites

containing

silsesquioxanes

the

(POSS),

inorganic-organic

hybrid

octaaminophenyl(T8)POSS

polyhedral

oligomeric

(C6H4NH2)8(SiO1.5)8,

cyanopropylheptacyclopentyl(T8)POSS, (C5H9)7(SiO1.5)8(CH2)3CN or TriSilanolPhenylPOSS (C42H38O12Si7), were synthesized, respectively. These PT-15/POSS
composites were characterized by FT-IR, X-ray diffraction (XRD), small-angle
neutron scattering (SANS), scanning electron microscopy (SEM), X-ray energy
dispersive spectroscopy (X-EDS), transmission electron microscopy (TEM), dynamic
mechanical thermal analysis (DMTA) and three-point bending flexural tests. XRD,
TEM

and

IR

data

are

all

consistent

with

molecular

dispersion

of

octaaminophenyl(T8)POSS and TriSilanolPhenylPOSS due to the chemical bonding
of the POSS macromer into the continuous cyanate ester network phase. In contrast to
octaaminophenyl(T8)POSS

and

TriSilanolPhenylPOSS,

cyanopropylheptacyclo-

pentyl(T8)POSS has a low solubility in PT-15 and does not react readily with the
resin before or during the cure. The TriSilanolPhenylPOSS (C42H38O12Si7) was
incorporated into the aliphatic epoxy (Epoxy 9000, Clearstream Products, Inc.) in
99/1, 97/3, 95/5, 90/10 and 85/15 w/w ratios and cured. This same epoxy resin was
also blended with an equal weight (50/50 w/w) of cyanate ester resin (PT-15, Lonza
Corp) and TriSilanolPhenyl-POSS was added in resin/POSS weight ratios of 99/1,
97/3, 95/5, 90/10 and 85/15 and cured. Both sets of composites were characterized by
FT-IR, XRD, TEM, SEM, X-EDS, DMTA and three-point bending flexural tests.
TriSilanolPhenyl-POSS was first thoroughly dispersed into the uncured liquid epoxy
resin or the epoxy/PT-15 blend. XRD and X-EDS measurements after curing were
consistent with partial molecular dispersion of the POSS units in the continuous
matrix phase, while the remainder forms POSS aggregates. TEM and SEM show that
POSS–enriched nanoparticles are present in the matrix resins of both the epoxy/POSS
and epoxy-PT-15/POSS composites.
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CHAPTER Ι
INTRODUCTION
Polymers are often filled with particles in order to improve their mechanical
properties (bending storage modulus, stiffness and toughness, etc.), to enhance their
resistance to fire, and to improve their gas and/or moisture barrier properties [1-5].
However, particulate fillers may cause drawbacks to the resulting composites such as
brittleness, opacity and lower tensile strength.
Nanocomposites are a new class of composites consisting of dispersed
particles having at least one dimension in the nanometer range. There are three types
of nanocomposites according to how many dimensions of the dispersed particles are
in the nanometer range. The first class has all the three particle dimensions in the
nanometer range. Spherical silica nanoparticles are examples of this class [5-6]. The
second type has two of its dimensions in the nanometer scale. Elongated structures
such as carbon nanotubes are examples [7]. The third type of nanocomposite has only
one of the dispersed particles’ dimensions in the nanometer range. In this case, the
dispersed nanoparticle is present in the form of sheets, from one to 50-100
nanometers thick and hundreds to thousands of nanometers long. The third type is the
basic description of a polymer/layered silicate nanocomposite [8].
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Polymer-Clay Nanocomposites
Addition of nanoclays into various polymers produces polymer-clay
nanocomposites. They have been widely used to improve the mechanical, physical
and thermal properties of the continuous phase polymer [8]. Polymer-clay
nanocomposites normally exhibit a superior combination of mechanical [9], thermal
[10], and flame resistance [11] properties over that of the original resin matrix. The
improved properties of these nanocomposites are related to the degree of dispersion,
textures and morphologies of the layered silicate in the polymer. The greatest
improvement in properties comes with very highly exfoliated samples [9-10,12-13],
with the exception of flammability properties, where both exfoliated and intercalated
nanoclay materials seem to behave in the same manner [14].

Montmorillonite Clays
Layered materials are potentially well suited for making hybrid composites
because their lamellar elements have high in-plane strength and stiffness and a high
aspect ratio [15]. Two principal reasons make smectite clays (e.g., montmorillonite) a
good choice for polymer nanocomposites. First, they exhibit a very rich intercalation
chemistry, which allows them to be chemically modified in order to be more
compatible with organic polymers. Secondly, they are ubiquitously found in nature
and can be purified at low cost. They are formed by altering the existing minerals or
by synthesis from elements when minerals weather to form clay.
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Montmorillonite is generally referred to as “nanoclay” when highly dispersed
in a matrix phase such that individual platelets or small tactoids constitute most of the
dispersed material. Montmorillonite belongs to a family of 2:1 phyllosilicate clay
minerals. Figure 1.1 illustrates the basic structure of 2:1 clay minerals. There are two
external silicon oxide tetrahedral layers and one internal aluminum oxide octahedral
layer composing a single clay platelet. Tetrahedral sheets are composed of individual
SiO4 tetrahedrons, which share every three out of four oxygens. Octahedral sheets are
composed of individual octahedrons of aluminum and oxygen that share edges
composed of oxygen and hydroxyl anion groups. Al serves as the central coordinating
cation to form Al2O3 sheets. The central sheet of alumina is fused to two external
silica sheets in which SiO4 tetrahedrons are present. The oxygen ions of the central
octahedral sheet also belong to the tetrahedral sheets. Due to the misfit between the
apical oxygen atoms in the tetrahedral sheet and the vertices of the octahedral sheet,
pairs of adjacent tetrahedral are rotated alternately clockwise [16].

Si
Al

Si

Figure 1.1
Structure of a 2:1 phyllosilicate clay mineral.
(http://www.soils.agri.umn.edu/academics/classes/soil2125/doc/s12chap1.htm)
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Figure 1.2 shows a typical structure of montmorillonite clay. The single layer
thickness of a montmorillonite clay platelet is about 1 nm and the lateral dimensions
of the layer may vary from 200 – 2000 nm [12]. The layers organize to form stacks.
There is an interlayer, or gallery, between these platelets and regular van der Walls
forces plus ionic attractions hold these layers together. The montmorillonite clay will
have permanent layer charges because of the isomorphous substitution in either the
octahedral sheet (typically from the substitution of low charge species such as Mg2+
or Fe2+ for Al3+) or the tetrahedral sheet (where Al3+ substitutes for Si4+). These
isomorphous substitutions will generate net negative charges which must be
counterbalanced by alkali or alkaline earth cations which must be present in the
interlayer region. The forces that hold the stacks together are greatly strengthened by
these coulombic attractions. The intercalation of small polar molecules between the
layers which solvate the cations and hydrogen bond to the silicate oxygens is easy
[17]. Thus, water, which strongly solvates both the cations and the silica sheet
surface, can increase the distance between the platelets. The cations between the
layers can also be exchanged with other cations. They are part of the cation exchange
capacity (CEC and expressed in meq/100 g) of the montmorillonite clay.
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4 O + 2 OH
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4 Si
6O

Figure 1.2

Typical atomic structure of montmorillonite clay [12].

The general chemical formula for montmorillonite clay is: Mx(Al4xMgx)Si8O20(OH)4

(M = monovalent cation; x = degree of isomorphous substitution

(between 0.5 and 1.3)) [8].
Nanoclay
Montmorillonite clay is highly hydrophilic. In order to make montmorillonite
clay more organophilic, the hydrated cations in the interlayer can be exchanged with
such cationic surfactants such as alkylammonium or alkylphosphonium (onium) ions
in the form of their salts. The modified montmorillonite clay is sometimes called a
nanoclay, but, strictly speaking, they are not nanoclays until they are nanodispersed.
Commercially, they are obtained in the micron particle size range. The surface energy
of the organically modified clay is lower than that of montmorillonite clay. Therefore,
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it is more compatible with organic monomers or polymers. Because negative charges
originate in the silicate layer, the cationic head group of the alkylammonium
molecule prefers to aggregate at the layer surface. According to X-ray diffraction
(XRD) data, the organic chains have been long thought to lie either parallel to the
silicate layer, forming mono-, bi- or pseudo-trilayers, or tilted where the paraffinic
chains radiate at an angle away from the surface depending on the packing density
and the chain length [18]. The parallel and tilted geometries of the alkyl chains in
layered silicates are shown schematically in Figure 1.3. Usually, when the hydrated
cations are ion-exchanged with more bulky alkylammonium ions, the interlayer
spacing increases. Molecular dynamics simulations of organically modified layered
silicates by Hackett and coworkers show as the alkyl chain length increases, the
interlayer structure will first changes from a disordered to more ordered monolayer
and then jumps to a more disordered pseudo-bilayer [19].

Figure 1.3

Alkyl chain aggregation in nanoclay.

(http://www.mech.northwestern.edu/bimat/local_presentations/BIMat_asma.pdf)
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The structure of the organic modifiers in alkylammonium-modified clay will
have a big impact on the polymer-clay nanocomposite morphology and mechanical
properties. Fornes and coworkers [20] have investigated the role of alkyl tails on
exfoliation. Organoclays whose organic cations possess zero, one and two long alkyl
tails were used in their study of melt-processed nylon-6 nanocomposites (Figure 1.4).

Figure 1.4

Molecular structures of the alkylammonium salts used to organically
modify sodium montmorillonite by ion exchange. The symbols M and
HT designate methyl and hydrogenated tallow groups attached to the
nitrogen [20].

Figure 1.5 shows the effects of the number of alkyl tails on the X-ray
scattering behavior of the modified organoclays and their corresponding high
molecular weight (HMW) nylon-6 nanocomposites. As the number of alkyl tails
increase, the basal spacing of the organoclay increases. However, the increase of the
basal spacing in the organoclay does not necessarily lead to more exfoliation when
processed with polymers. Addition of ammonium ions with only one long alkyl tail to

8
the HMW nylon-6 lead to the loss of structured peaks in the XRD pattern as shown
by the smooth curve in Fig 1.5(b).
The TEM micrographs shown in Figure 1.5 confirm the conclusions from the
WAXS data. The nanocomposite made from nanoclay having no alkyl tails contains
mostly unexfoliated clay in the form of large tactoids, while the nanocomposite made
from organoclay having one alkyl tail produces a nanocomposite with a moreexfoliated morphology made up of small tactoids and some individual clay platelets.
However, the nanocomposite from organoclay with two alkyl tails shows a larger
fraction of unexfoliated clay particles with a small fraction of individually dispersed
platelets. The cartoon in Figure 1.6 shows that the quaternary ammonium cation with
one alkyl tail provides an ideal balance between platelet spacing, polymer access to
exposed silicate surface, and the number of unfavorable interactions between the
polymer and the alkyl units. One must remember that this system involved the same
guidelines polar polyamides and would not necessarily apply to more nonpolar
polymers, such as polystyrene or polypropylene or to highly polar polymers such as
polyethylene glycol or polyacrylic acid.
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Figure 1.5

WAXS scans (left) of the modified organoclays and corresponding
nanocomposites. TEM micrographs (right) of nylon-6 composites
containing quarternary ammonium cations having (a) zero, (b) one,
and (c) two alkyl tails (containing 2.7, 2.9, and 3.0 wt%
montmorillonite, respectively) [20].

10

Figure 1.6

Illustration of the role of quaternary ammonium cation molecular
structure on the intercalation and exfoliation of organoclay in nylon-6
[20].
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Nanocomposite Structures
Figure 1.7 shows three main types of composites obtained when layered clay
is mixed with polymer. The resulting structure of the composite depends on the nature
of the components used (layered silicate, organic cation and polymer matrix) and the
method of preparation.

Layered silicate

Phase separated
Figure 1.7

Polymer

Intercalated

Exfoliated

Different types of composite arising from the interaction of layered
silicates and polymers

Aggregation will occur when the clay is not compatible with the polymer.
Polymer doesnot enter the interlayer region between the silicate sheets. In general, the
properties of these aggregated (or phase separated) nanocomposites are in the same
range as traditional microcomposites. If the clay used is compatible with polymer,
then one of two general types of nanocomposites can be obtained. When a single or
more extended polymer chain is intercalated between the silicate layers, resulting in a
well-ordered multilayer morphology with alternating polymeric and inorganic layers,
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an intercalated nanocomposite is obtained. An exfoliated or delaminated structure is
obtained when the individual silicate layers (platelets) are completely and uniformly
dispersed in a continuous polymer matrix. Complete exfoliation never occurs but
mixtures of individual platelets and a distribution of small tactoids can often be
achieved.
X-ray diffraction (XRD) and transmission electron microscopy (TEM) are two
complementary techniques used to characterize these nanocomposite structures. XRD
has been the technique of choice for analyzing polymer-clay nanocomposites and can
be used to identify intercalated structures. In an intercalated nanocomposite, the
multilayer structure is repetitive and well preserved. The regular repeating interlayer
spacings give rise to XRD peaks. The intercalated polymer chains usually increase
the interlayer spacing. However, XRD cannot differentiate between delaminated and
highly disordered intercalated clay dispersions in a polymer. Also, diffraction peaks
are not visible with XRD for the exfoliated structure and often disordered tactoids
also will not produce peaks. Therefore, TEM is needed to help characterize the
nanocomposite morphology. TEM has the advantage of being able to differentiate
between all types of clay dispersions, such as immiscible, intercalated, and
delaminated structures [21]. TEM provides a detailed study of local morphology
instead of a representative large volume. So a number of TEM micrographs should be
taken from many different regions in order to insure that a representative analysis of
the system is obtained. A list of the advantages and disadvantages for XRD and TEM
in polymer-clay nanocomposites analysis is given in Table 1.1.
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Table 1.1
Technique
XRD
XRD
TEM
TEM

Comparison of XRD and TEM Techniques [21].
Advantages
Ease of analysis

Disadvantages
Technique is dependent on extent of
order in clay
Can
determine
d-spacing Cannot
determine
difference
between clay layers
between disordered immiscible and
delaminated systems
Can determine all types of clay Labor intensive sample preparation,
nanostructures
analysis
Analysis not dependent on Cannot
determine
d-spacing
order of clay
between clay layers precisely
except for high resolution TEM
Nanocomposite Preparation

There are several methods to prepare polymer-clay nanocomposties. The three
main processes are solution polymerization, in-situ polymerization and melt
intercalation.
In solution polymerization, the organoclay is first dispersed in an organic
solvent in which the polymer is soluble. The organoclay can be easily dispersed in a
compatable solvent and the application of mechanical shearing energy can help
overcome the forces of attraction holding the layers together. Then the polymer,
dissolved in the same solvent, is added to the dispersed clay solvent suspension. The
polymer diffuses to the exposed surfaces of the delaminated organoclay. Polymer
diffusion may also occur into undelaminated tactoids or particles, increasing the dspacings and assisting cleavage to form smaller tactoids. This process may be aided
by increasing the temperature or continuing to subject the clay to high shear. An
intercalated or exfoliated nanocomposite results after the solvent has evaporated. The
solvent should completely disperse the alumina silicate clay and dissolve the polymer.
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Proper mixing is very important. The use of magnetic stirring or mechanical stirring
is sometimes (but not always) sufficient to disperse most organoclays. Furthermore,
sufficient time is necessary to break up the stacked layered silicate.
In the in-situ polymerization method, the organoclay is swollen by the liquid
monomer or a monomer solution. When polymerization is initiated, polymer
formation then occurs in between the intercalated sheets. Polymerization can be
initiated by heat or radiation and the diffusion of a suitable initiator or catalyst
between platelets [8]. This method is similar to solution polymerization except that
the role of the solvent is replaced by a monomer solution.
In melt intercalation, the organoclay is mixed with a thermoset of polymer in
the molten state. Using an extruder or heated mixing chamber, the polymer and
organoclay are simply physically mixed and sheared at high temperature, to form a
nanocomposite. If the organoclay is compatible with the polymer, the polymer chains
can then migrate into the interlayer spaces to form either an intercalated or an
exfoliated nanocomposite. The proposed driving force for this mechanism is the
enthalpic contribution of the polymer/organoclay intercalations. The higher the level
of shear, the greater the amount of delamination. The pillaring agent in the clay can
increase the d-spacing and favorably modify the enthalpic contribution to assist
polymer infiltration.
Epoxy-clay Nanocomposites
Epoxy/clay nanocomposites have been studied extensively for the
intercalation and exfoliation of the clay [22]. The chain length of interlayer cations,
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the clay layer charge density, and the acidity of the gallery cations will partially
govern the extent of silicate layer dispersion. The exfoliation of the clay tactoids into
a curing polymer requires the driving force of the polymerization to overcome the
attractive electrostatic force between the interlayer cations and the negatively charged
silicated layers.
Lan and Pinnavaia have studied epoxy resin Epon-828 (diglycidyl ether of
bisphenol A) self-polymerization containing long-chain alkylammonium-exchanged
montmorillonite [23]. In this study, it was argued that the acidity of the
alkylammonium ions may catalyze the homopolymerization of the epoxy molecules
inside the clay interlayers. The organoclay was prepared by an ion exchange reaction
with an alkylammonium chloride or bromide salt in H2O/EtOH solution [24-25].
Table 1.2 shows that the chain length of the alkylammonium ion greatly affects the
extent of clay expansion on epoxide solvation. Pinnavaia and Lan have also used
alkylammonium ions with the same long chain but different head groups to examine
the change in the onium ion orientation upon the epoxy intercalation [26]. The epoxysolvated organoclays have essentially the same basal spacing which is controlled by
the C18 long alkyl chain even though the initial orientation of the ion in the gallery is
different (Table 1.3). The alkyl chain-controlled clay intercalation has also been
confirmed by using a series of C16H33NH3+ exchanged clays with different layered
charge densities [23]. Clays with different layer charge densities but with the same
intergallery cations (C16H33NH3+) show the same swelling properties in an epoxy
resin, despite having different d-spacing for the air-dried clays. This suggests that the
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d-spacing of the epoxy-solvated organoclay is governed by the carbon chain length of
the exchanged alkylammonium cation. The presence of the organoclay substantially
increases both the tensile strength and modulus relative to the neat epoxy resin [27].
The mechanical properties of these composites increase with clay pillared by the
following ammonium ions: CH3(CH2)7NH3+ < CH3(CH2)11NH3+ < CH3(CH2)17NH3+.
Table 1.2

Basal spacing of air-dried onium ion exchanged and epoxy-solvated
onium ion exchanged montmorillonites with different initial interlayer
cation orientations [23]
Air-dried
Initial gallery cation orientation
(Å)

Gallery cation
CH3(CH2)7NH3+
CH3(CH2)9NH3+
CH3(CH2)11NH3+
CH3(CH2)15NH3+
CH3(CH2)17NH3+
a

13.8
13.8
15.6
17.6
18.0

27.2
30.0
31.9
34.1
36.7

Diglycidyl ether of bisphenol A (DGEBA)

Table 1.3

Basal spacing of air-dried onium ion exchanged montmorillonites and
epoxy-solvated onium ion exchanged montmorillonites with different
head groups [23]

Gallery cation
CH3(CH2)17NH3+
CH3(CH2)17N(CH3)H2+
CH3(CH2)17N(CH3)2H+
CH3(CH2)17N(CH3)3+
a

monolayer
monolayer
bilayer
pseudo-trimlayer
pseudo-trimlayer

Epoxy-solvateda
(Å)

Air-dried (Å)
18.0
18.1
18.7
22.1

Epoxy-solvated (Å)a
36.7
36.2
36.7
36.9

Diglycidyl ether of bisphenol A (DGEBA)
Kornmann et al. [28] have investigated the influence of the cation exchange

capacities (CEC) of the clay on the synthesis and structure of epoxy/clay
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nanocomposites. Two octadecylammonium-exchanged montmorillonite (MMT) clays
with 94 and 140 meq/100g CEC were used to synthesize epoxy (Epon 828)/clay
nanocomposites. A polyoxyalkylene diamine (Jeffamine D-230, Figure 1.8) was used
as curing agent. XRD did not show any apparent ordering of the clay layers in the
nanocomposites, but TEM showed intercalated parallel clay layers with basal spacing
of 90 Å (MMT of high CEC) and 110 Å (MMT of low CEC) and the presence of nonexfoliated tactoids.
Kornmann et al. found that a MMT with a low CEC was already exfoliated
during swelling in the epoxy resin prior to curing [28]. A mechanism was proposed in
which the homopolymerization of the epoxy resin during the swelling phase causes
the diffusion of new epoxy molecules into the clay galleries. Due to its high surface
energy, the clay attracts polar monomer molecules into the interlayers until
equilibrium is reached. The polymerization reactions occurring between the layers
lower the polarity of the intercalated monomer molecules. This will allow new polar
monomer molecules to diffuse between the layers and further exfoliate the clay. The
relatively low CEC clay contains a smaller amount of alkylammonium ions. This
means that there is more space available for the epoxy molecules at the same dspacing. The self-polymerization of the epoxy resin within the interlayers can then
occur to a larger extent.
Kornmann et al. have also studied the influence of the nature of the curing
agent on nanocomposite structure [29]. Three different curing agents were used:
polyoxyalkylene diamine (D-230), bis-(4-aminocyclohexyl)methane (BAM) and 3,3’-

18
dimethyl-methylenedi(cyclohexylamine) (3DCM) (Figure 1.8). The structure of the
resulting nanocomposites depended on both the cure kinetics and the rate of the
diffusion of the curing agent into the clay gallery. The polarity, molecular flexibility
and reactivity of the curing agent greatly affected the kinetics and diffusion rates.
Therefore, the resulting structure of the nanocomposite was also impacted. Also, the
curing temperature controlled the balance between the extragallery reaction rate of
the epoxy system and the diffusion rate of the curing agent into the galleries. Higher
curing temperature increased both the rate of epoxy curing and the diffusion rate of
the epoxy and curing agent between the layers. This favors the intragallery cure
kinetics. The relative extent of intragallery and extragallery polymerization can be
controlled by changing the cure temperature. If an epoxy cure only occurs at high
temperature, this would facilitate the relative rate of diffusion into the galleries versus
bulk resin curing, thereby assisting more polymer formation within the galleries.
Chin et al. have investigated epoxy/octadecyl amine treated montmorillonite
clays nanocomposites by small angle X-ray scattering and atomic force microscopy
[30]. An intercalated epoxy/clay nanocomposite was obtained when the diglycidyl
ether of bisphenol A (DGEBA) was cured with equimolar or higher amounts of metaphenylene diamine (MPDA). Exfoliated nanocomposites were formed when DGEBA
was cured with less than stoichiometric amounts of MPDA or with no curing agent.
The lower the curing agent concentration used, the higher the extent of clay
exfoliation achieved. Extragallery crosslinking appeared to be favored over
intergallery crosslinking when a higher amount of curing agent was used. The
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reaction rate of extragallery crosslinking was much higher than the diffusion rate of
material into the intergallery regions.
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Figure 1.8

Chemical structures of epoxy and hardener components of epoxy
resins.

Becker et al. [31] have investigated the possibility of improving the
mechanical properties of epoxy resins by the addition octadecyl ammonium ion-
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modified montmorillonite clay (Nanomer I.30E; the organic modifier in I.30E was
CH3(CH2)17NH3+). Three different resins were used including bifunctional diglycidyl
ether of bisphenol A (DGEBA), trifunctional triglycidyl p-amino phenol (TGAP) and
tetrafunctional tetraglycidyldiamino diphenylmethane (TGDDM). The curing agent
was diethyltoluene diamine (DETDA) (Figure 1.8). Becker argued that the steadily
decreasing glass transition temperature with increasing clay concentration was
possibly due to a lower crosslinking density present around the clay particles in the
continuous matrix phase. However, the nanocomposites showed improvement in both
toughness and stiffness over the neat epoxy resin despite the lower Tg values.
Zerda and Lesser [32] have studied the morphology, mechanics and fracture
behavior of intercalated glassy epoxy nanocomposites made using modified
montmorillonite clays (Nanomer I.28E, the organic modifier in I.28E was
trimethyldodecadecylammonium ion). These nanocomposites were shown to have
improved Young’s moduli but corresponding reductions in ultimate strengths and
strains to failure compared with the corresponding neat epoxy resin. The fracture
toughness of 5 wt% nanocomposite was 100% greater than the unfilled epoxy resin.
After examining the fracture surface topology, the authors hypothesized that the
creation of additional surface area during crack propagation was the primary means
for toughening in intercalated systems. The morphology of the nanocomposites is
important because the spacing of the regions containing intercalated clay is important.
The neat epoxy contained a smooth crack surface, whereas the intercalated
nanocomposite had a crack trajectory that was extremely tortuous and exhibited
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evidence for branching along the path length. As the loading of clay increased, the
distance between the regions of intercalated clay decreased. This decrease would
cause the crack to take a more tortuous path. Therefore, the authors believe that the
intercalated morphology can afford some property improvements that are unavailable
to the fully exfoliated nanocomposites.
In-situ small angle X-ray scattering (SAXS) and differential scanning
calorimetry (DSC) were carried out to gain an understanding of the morphological
development of the epoxy/clay nanocomposite during processing [33]. The materials
used were Epon 862 (a bisphenol-F epoxy (Shell)) and C12H25NH3+-montmorillonite.
The catalytic effect of organoclay on the polymerization is important for the
exfoliation of these nanosheets. Exothermic heat release inside the galleries expands
the organoclay nanosheet, facilitating the migration of epoxy resin into the gallery.
The storage modulus increased by 30% in the glassy state and 90% in the rubbery
state with 3% clay loading (DMA).
Characterizations of epoxy/clay hybrid composites prepared by emulsion
polymerization have been reported by Lee and Jang [34], who demonstrated the direct
intercalation of epoxy resin between the Na+-montmorillonite platelets by a step type
polymerization in an aqueous emulsion media. An increase of the interlayer spacing
by about 6 Å was observed from XRD. The onset temperatures for composite thermal
decomposition were shifted to temperatures higher than that of neat epoxy resin.
Epoxy/clay nanocomposites and their gas permeation properties were studied
[35]. The chemical structure of the organic monolayer ionically bonded to the clay
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was varied to study its influence on the swelling, intercalation and exfoliation
behavior of the organoclay. The incorporation of small volume fractions of
organoclay into the epoxy resin matrix decreased its permeability coefficient with a
properly designed interface between two heterogeneous phases. The impermeability
of the clay platelets and the tortuous pathway the gas molecules must traverse during
their random molecular motion in the nanocomposite reduced permeability. Figure
1.9a shows the chemical structure of the ammonium ions used to modify the
montmorillonite in order to reduce the surface energy and hydrophilicity of the clay.
The relative transmission rate of water vapor (Figure 1.9b) decreased upon
increasing inorganic volume fraction, but the performance of BzC16-modified MMT
nanocomposites was better than that of Bz1OH-modified MMT nanocomposites
(these structures and the abbreviation are shown in Figure 1.9) [35]. The relative
vapor transmission rate is reduced to half at 5 vol% BzC16-modified MMT loading.
This indicates that the transmission rate of water vapor through the composites is
more strongly influenced by the hydrophobicity of the inclusions. The relative oxygen
permeabilities of the 3.5 vol % clay composites were plotted against d-spacing in
Figure 1.10a. There is little correlation between these two parameters. The effect of
the filler loading on the relative oxygen permeability is plotted in Figure 1.10b. The
relative oxygen permeability decreased with increasing clay loading. At 5 vol %
Bz1OH-modified MMT loading, the oxygen permeability was reduced to one fourth
that of neat epoxy resin matrix.
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a
b

Fiugre 1.9

(a) Chemical structure of the ammonium ions used to modify the
montmorillonite. (b) Water vapor relative transmission rate through
Bz1OH- and BzC16-EP nanocomposites as a function of the inorganic
volume fraction. The dotted line is simply a guide for the eye [35].

b

a

Figure 1.10

A

(a) Oxygen relative permeability of the composites as a function of the
d-spacing. (b) Oxygen relative permeability of Bz1OH- and BzC16-EP
nanocomposites as a function of the inorganic volume fraction. The
solid lines are numerical predictions for disk-shaped inclusions (1 – 5
nm) with aspect ratios 50, 100, and 150 (diameter/thickness), while the
dotted line is simply a guide for the eye [35].
novel

method

for

preparing

disordered

exfoliated

epoxy/clay

nanocomposites has been reported [36]. m-Xylylenediamine (MXD), containing two
amine groups, was selected as the surfactant to modify sodium clay with a CEC of
120 meq/100g. The epoxy/clay nanocomposite was prepared by three steps (Figure
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1.11): (a) Modification of clay by MXD to M-clay. (b) Further modification of Mclay by the diglycidyl ether of bisphenol A (DGEBA) to DM-clay. (c) Epoxy/DMclay nanocomposites were formed by curing DM-clay with stoichiometric 4aminophenyl sulfone (DDS). Figure 1.12 shows the XRD patterns of the untreated
clay, M-clay and DM-clay and that of the corresponding epoxy/clay nanocomposites.
The epoxy/DM-clay nanocomposites showed no XRD peaks before and after curing.
Moreover, transmission electron microscopy (Figure 1.13) of the cured sample
revealed a disordered exfoliated silicate layer structure
Epoxy/clay

nanocomposites

have

been

prepared

using

a

“slurry-

compounding” process by Wang et al. [37] to investigate the micro deformation and
fracture mechanisms of the nanocomposites. Clay was exfoliated and uniformly
dispersed in the resulting nanocomposite as shown by optical microscopy and
transmission electron microscopy (TEM). Young’s modulus increased monotonically
with increasing the clay loading while the fracture toughness showed a maximum at
2.5 wt% of clay. The 2.5 wt% clay composite’s critical stress intensity factor (KIC)
and critical strain energy release rates (GIC) are 80% and 192% greater than those of
the pure resin, respectively. By studying the microstructure of arrested crack tips and
the damage zone using TEM and scanning electron microscopy (SEM), the authors
proposed that the initiation and development of microcracks were the dominant micro
deformation and fracture mechanisms in the epoxy/ S-clay (PGW from Nanocor)
nanocomposites. Most of the microcracks initiated between clay layers.
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The formation of a large number of microcracks and an increase in the
fracture surface area due to crack deflection were the major toughening mechanisms.

Figure 1.11

Schematic of reaction mechanisms [36].
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Figure 1.12

XRD patterns of (a) clay, M-clay, and DM-clay and (b) epoxy/clay30B and epoxy/DM-clay nanocomposite surfaces [36].
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Figure 1.13

TEM image of a epoxy/DM-clay nanocomposite prepared by slurrycompounding method, revealing, for the first time, the disordered
exfoliated silicate layer structure in epoxy [36].
Poly(methyl methacrylate)/clay Nanocomposites

Poly(methyl methacrylate) (PMMA) is an important industrial polymeric
material with high visible light transparency and weather resistance [38]. However,
PMMA has relatively low heat-resistance and heat deflection temperature.
PMMA/clay nanocomposites offer the potential for reduced gas permeability and
improved thermal and mechanical properties without losing optical clarity.
PMMA/clay nanocomposites were prepared via in-situ bulk polymerization by
Zeng et al [39]. The authors found that the polarity and hydrophilicity of the initiators
and monomers greatly affected dispersion of the clay. A more polar, less hydrophobic
monomer and initiator led to a better dispersion of clay layers and a more disordered
intercalated nanocomposite. The clay dispersion could be significantly improved by
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introducing polymerizable groups onto the clay surface. Xie et al. [40] also studied
the PMMA/clay nanocomposites prepared by in situ bulk polymerization. The
silicone coupling agent, methacyloxypropyltrimethoxysilane (MPTMS), affected the
structure and properties of the nanocomposites. XRD showed that the dispersion of
silicone-modified organoclay in the PMMA matrix was more ordered than that of
unmodified organoclay. The interlayer spacing of 5 wt% unmodified organoclay
(MMT)-PMMA nanocomposite (d = 1.7 nm) increased by only 0.3 nm over that of
virgin MMT, while the d-spacing of modified organoclay (M-MMT)-PMMA
nanocomposite (d = 3.8 nm) increased by 1.4 nm over that of M-MMT. The glass
transition temperature of the nanocomposites was 6 - 15 ºC higher. Strikingly, the
thermal decomposition temperature was 100-120 ºC higher than those of the pure
PMMA resin!
PMMA-organically modified clay nanocomposites prepared by a two-stage
sonication process have been reported [41]. PMMA-clay nanocomposites prepared by
sonication showed further improvement in the mechanical performance compared to
those prepared by a melt-mxing process. The authors proposed that the sonication
during processing led to enhanced breakup of the clay agglomerates and reduction in
size of the dispersed phase.
Kumar et al. have studied PMMA/clay nanocomposites prepared by melt
mixing [42]. The use of organoclay produced well-intercalated nanocomposites. An
increase in the d-spacing between the clay layers due to polymer intercalation was in
the range of 7 - 14 Å. The onset thermal decomposition temperatures were increased
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by 15 - 30 ºC as compared to that of pure PMMA resin. The glass transition
temperature from differential scanning calorimetry (DSC) studies of the
nanocomposites was lower than that of the pure PMMA resin by 10-12 ºC. Among
the various clay modifiers, the more polar pillaring agents favored a greater extent of
PMMA intercalation into the clay layers.
Yeh et al. [43] have carried out comparative studies of the properties of
poly(methyl methacrylate)-clay nanocomposites prepared by in-situ emulsion
polymerization and solution dispersion. The nanocomposite coatings, prepared by insitu emulsion polymerization, provided better corrosion protection to a cold-rolled
steel coupon than coatings prepared by solution dispersion, according to
electrochemical corrosion measurements. The authors proposed that the enhanced
anticorrosion of nanocomposite coating prepared by in-situ emulsion polymerization
might result from a better dispersion of nanoclay in the PMMA matrix. This
improved dispersion increased the tortuosity of the diffusion pathways of oxygen and
water. The clay nanocomposites prepared by in-situ emulsion polymerization also
exhibited better barrier properties, optical clarity, and thermal stability than that
prepared by solution dispersion.
The effect of clay type on morphology and thermal stability of PMMA-clay
nanocomposites, prepared by the heterocoagulation method, has been reported by Xu
and coworkers [44]. A cationic PMMA emulsion was prepared by emulsion
polymerization and followed by mixing with an aqueous clay slurry. Montmorillonite,
synthetic hectorites and fluorohectorites were used in this study. The morphologies of
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the nanocomposites depended on clay colloid stability and clay loadings, according to
WAXD and TEM studies. A second metal oxide dispersed phase was also introduced
into this class of clay nanocomposites. Both iron (Fe2O3) and aluminum (Al2O3)
contributed to the improvement of thermal stability of PMMA nanocomposites, but
iron was more effective than aluminum.
Meneghetti et al. [45] have synthesized polymer gel electrolytes with high
molecular weight poly(methyl methacrylate)/clay nanocomposites, using ethylene
carbonate (EC)/propylene carbonate (PC) as a plasticizer and LiClO4 as the
electrolyte. Montmorillonite clay was ion exchanged with a zwitterionic surfactant
(octadecyl dimethyl betaine). Ionic conductivity varied slightly and exhibited a
maximum value at 1.5 wt% clay loading. FTIR showed that the polymer did not
interact significantly with the LiClO4 electrolyte and the PMMA nanocomposite gel
electrolyte showed a stable lithium interfacial resistance over time.

Polymer-POSS Nanocomposites
Silsesquioxane is the term for all structures with the formula (RSiO1.5)n, where
R is hydrogen or any alkyl, alkylene, aryl, arylene, or organofunctional derivative of
alkyl, alkylene, aryl, or arylene groups. Silsesquioxanes, as illustrated in Figure 1.14,
may exist as ladders [46-48], cages [49-51], partial cages [52] and polymer structures
[53]. Among various types of silsesquioxanes, polyhedral oligomeric silsesquioxanes
(POSS) are caged structures which offer a unique opportunity for preparing hybrid
organic-inorganic materials with the inorganic structural units truly molecularly
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dispersed within the nanocomposite. Structures c – f in Scheme 1.1 are example
POSS cages. The performance region of POSS nanocomposites lies between ceramics
and polymers, as indicated in Figure 1.15. POSS has two unique features: the
chemical composition is a hybrid, intermediate (RSiO1.5) between that of silica (SiO2)
and silicone (R2SiO). Secondly, POSS molecules are physically large with respect to
polymer dimensions and nearly equivalent in size to most polymer segments and coils
(Figure 1.16) [54].
Typical POSS cages have the empirical formulas (RSiO1.5)8, 10 or 12.These are
referred to as T8, T10 and T12 cages, respectively. Each cage silicon atom is attached
to a single R substituent and these substituents can be organic (cyclohexyl; phenyl
etc.) or inorganic organic hybrids (e.g. –OSiMe2OPh). Incompletely closed cage
structures are also possible as shown in Scheme 1.1(f). POSS nano-structured
chemicals, with sizes of from 1 to 3 nm in diameter, can be thought of as the smallest
possible particles of silica. However, unlike silica, silicones or fillers, each POSS
molecule contains either non-reactive or reactive organic substituents at the corner
silicon atoms. These organic substituents can make these POSS molecules compatible
with polymers or monomers.
POSS derivatives are now available with reactive functionalities suitable for
polymerization or grafting [55-58]. Hence, POSS nano-structured chemicals can be
incorporated into common plastics via copolymerization [59-61] grafting [62], or
blending [63]. Therefore, POSS chemicals offer a special opportunity for the
preparation of new thermoset [64-70] and thermoplastic materials [71-72]. The
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incorporation of POSS derivatives into polymeric materials can lead to dramatic
improvements in polymer properties including increases in use temperature [73-74],
oxidation resistance [72], surface hardening [72] and mechanical properties [75-76],
as well as reductions in flammability [77], heat evolution [78] and viscosity [79]
during processing. These improvements have been shown to apply to a wide range of
thermoplastics and thermoset systems, i.e. methacrylates [80], styrenes [81],
norbornenes [82], ethylenes [83], epoxies [84] and siloxanes [61], etc.
The use of POSS monomers does not require dramatic changes in the
processing. Monomers are simply mixed in solvent or melted together and then
copolymerized. In contrast to clay nanocomposites, incorporation of POSS can lead
to a reduction in the polymer melt viscosity. This makes the processing more
convenient. POSS will be truly molecular dispersed and incorporated into the
copolymer if the POSS monomer is soluble in the monomer mixture and in the
monomer-copolymer mixture during polymerization.
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Figure 1.15

Relative property performance of polymers, ceramics and hybrid
materials [54].

Figure 1.16

POSS polymer systems [54].
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Synthesis of Polyhedral Oligomeric Silsesquioxanes
Voronkov and coworkers reviewed the methods for synthesizing POSS
compounds in 1982 [85]. A review by Feher et al. published in 2000 covered the
recent progress on POSS synthesis [86]. The synthesis of monofunctional and
multifunctional POSS monomers and polymers was covered in a review by Li et al. in
2001 [58]. The synthesis of POSS and its derivatives [87-90] can be divided into two
major classes depending on the nature of the starting materials employed. The first
class includes the reactions giving rise to new Si-O-Si bonds with subsequent
formation of the polyhedral cage framework. This class of reactions assembles
polyhedral silsesquioxanes from monomers of the XSiY3 type where X is a
chemically stable substituent (such as CH3, phenyl, vinyl etc.), and Y is a highly
reactive substituent (such as Cl, OH or OR) (Equation 1-1). Also, POSS monomers
can be synthesized from linear, cyclic or polycyclic siloxanes that are derivatives of
the XSiY3 type monomers.
nXSiY3 + 1.5nH2O → (XSiO1.5)n + 3nHY

(1-1)

The second major class of reactions is the manipulation of the substituents at
the silicon atom without affecting the silicon-oxygen skeleton of the molecule. As
interest in POSS derivatives increased, efforts to synthesize POSS with a variety of
both reactive and inert substituents have increased. Many substituents have been
appended to the silicon oxygen cages [R(SiO1.5)]n (n=8,10,12 and larger) by Hybrid
Plastics, Inc. Such substituents include alcohols and phenols, alkoxysilanes,
chlorosilanes, epoxides, esters, fluoroalkyls, halides, isocyanates, methacrylates and
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acrylates, alkyl and cycloalkyl groups, nitriles, norbornenyls, olefins, phosphines,
silanes, silanols and styrenes. These reactive functionalities are suitable for
polymerization or copolymerization of the specific POSS derivative with other
monomers. In addition to substituents with reactive functional groups, non-reactive
organic groups attached to POSS have been varied in order to influence the solubility
and compatibility of POSS monomers with polymers.
Monofunctional POSS Synthesis
Silsesquioxanes are synthesized by the controlled hydrolysis and condensation
of commercially available organotrichlorosilanes [91]. The main reaction products are
heptameric siloxanes with some partially formed cages containing two or three
residual

silicon

hydroxyl

functional

groups.

An

example

of

controlled

hydrolysis/condensation of cyclohexyltrichlorosilane is shown in Figure 1.17. The
crude products vary with reaction conditions and time. About 45% of the heptameric
siloxane, containing three SiOH functions, can be formed along with 40% of a
hexamer and 15% of an octameric closed-cube silsesquioxane [91]. The incompletely
closed heptameric siloxane can be easily separated from the other two compounds
due to their different solubilities. The three remaining hydroxyl groups of the
heptamer are then used to close the cage by reacting with reactive organosilicone
monomers, such as triethoxysilanes (R-Si(OEt)3), or a related trialkoxysilane to the
POSS molecule. This condensation produces the closed POSS cage substituted with a
single specific reactive function and seven cyclohexyl substituents. Examples of
specific reactive corner groups attached in this way include hydride, chloride,
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hydroxide, nitriles, amines, isocyanates, styryls, olefins, acrylics, epoxides,
norbornyls, bisphenols, acid chlorides, alcohols and acids (Figure 1.14) [49, 92-99]
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Multifunctional POSS Synthesis

Multifunctional POSS derivatives can be made by the condensation of
R’Si(OEt)3, where R’ is a reactive group. This reaction produces an octa-functional
POSS, R’8(SiO1.5)8 [85]. Another method involves functionalizing POSS cages that
have already been formed. This can be accomplished via Pt-catalyzed
hydrosilylation of alkenes or alkynes with (HSiO1.5)8 and (HMe2SiOSiO1.5)8 cages
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[100] (shown in Figure 1.18). (HMe2SiOSiO1.5)8 has been synthesized following
modified literature procedures by Hasegawa and coworker [101-102].
H Si

O

O Si
H Si O
O
Si
O
O
H Si O
O Si
Si
H Si

O

O

O Si H
Si
O
Si
Si H
O
O
O
Si O Si H

NCO

O

O

+

Si O
O
Si H
THF

Karstedt's catalyst
Reflux for 2 days

OCN
NCO

OCN

Si
Si O

O

O Si
O
Si
O

Si
OCN

O

O

O Si
Si
O
Si
Si
O
O
O
Si O Si

NCO

O

NCO

O Si O
Si
Si O
O
O
O
Si
Si

OCN
NCO

Figure 1.18

Synthesis of multifunctional isocyanate-POSS [58].
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Fasce et al. [103] have reported another example of the synthesis of
multifunctional POSS derivatives, the simple hydrolytic condensation of modified
aminosilanes, as shown in Equation 1-2.
OPh
OH
PhO

OPh

OH
N

OH

N

Si(OCH3)3
OH
OPh

HCI
Then
150oC

PhO

(1-2)
(2)

OH
N

SiO 1.5

N
OH

POSS
CAGES

8 or 10

OPh

Epoxy/POSS Nanocomposites
The properties of nanostructured plastics are determined by complex
relationships between the type and size of the nanoreinforcement, the interface, and
the chemical interaction between the nanoreinforcement and the polymeric chain,
along with macroscopic processing and microstructural effects. Lee and Lichtenhan
[84] have investigated the thermal and viscoelastic property enhancements in
commonly used model epoxy resins reinforced with monofunctional POSS-epoxy
(Scheme 1.4) macromers. Monofunctional POSS-epoxy structures occupied chain
terminus points within the network. They were effective at hindering the molecular
motion of the epoxy network junctions [84]. Thus, the glass transition temperature
(Tg) increased with increasing loading of the monofunctional POSS-epoxy. However,
the instantaneous modulus was not affected by incorporation of the POSS
nanoreinforcement [84]. This suggested that POSS-epoxy did not participate in the
overall deformation of the chains even though POSS cages influenced polymer chain
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motions at the molecular junctions. Molecular reinforcement by the POSS cages also
retarded the physical aging process in the glassy state as revealed by experiments
performed under identical thermodynamic states. “Therefore, the time required to
reach structural equilibrium was longer for samples reinforced with POSS-epoxy than
for those of the neat resins” [84].
Aliphatic epoxy composites with the multifunctional polyhedral oligomeric
silsesquioxane (POSS) (shown in Figure 1.19) (epoxy/POSS 95/5 and 75/25) were
prepared by solution casting and then curing [67]. The POSS units incorporated into
the epoxy network were well dispersed in the composite based on TEM observations.
This dispersion was probably on the molecular scale, even at a high (25 wt%) POSS
content. Incorporation of the POSS macromer into this epoxy network by curing at
upper temperatures of 120 and 150 °C broadened the temperature range of the glass
transition in the resulting composites but had almost no influence on their Tg values.
The storage moduli of epoxy/POSS composites at T > Tg were higher than those of
neat epoxy resin and increase with the POSS loading. The flexural modulus of the
epoxy resin was raised by POSS incorporation and progressively increased as more
POSS was added. But, the flexural strengths of epoxy/POSS nanocomposites were
lower than that of neat epoxy.
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Figure 1.19

Multifuctional POSS and monofuctional POSS [67].

Choi et al. [104] prepared a new class of epoxy nanocomposites by reacting
octakis(glycidyldimethylsiloxy)octasilsesquioxane (OG) (POSS) (Figure 1.20) with
diaminodiphenylmethane (DDM) at various ratios. The effect of curing conditions on
nanostructural organization and mechanical properties was studied. The diglycidyl
ether of bisphenol A (DGEBA) epoxy resin was used as a reference material. FTIR
was used to follow the curing process and to demonstrate that the silsesquioxane
structure was preserved during processing [104]. “OG/DDM composites possed
comparable tensile moduli (E) and fracture toughness (KIC) to, and better thermal
stabilities than, DGEBA/DDM cured under similar conditions” [104]. The maximum
cross-link density was obtained at N = 0.5 (NH2 : epoxy groups = 0.5) whereas the
mechanical properties were maximized at N = 1.0. The inorganic core was digested
with HF followed by GPC analysis of the resulting organic tether fragments. Together
with the model reaction studies, the combined results suggested that, at N = 0.5, each
organic tether connects four cubes, while, at N = 1.0, linear tethers connecting two
cubes dominate the network structure (Figure 1.21). Therefore, well-defined
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nanocomposites with controlled variation of the organic tether architecture could be
made and their properties assessed [104].

Figure 1.20

Octakis(glycidyldimethylsiloxy)octasilsesquioxane synthesis [104].

Figure 1.21

Illustration of the change in network structure with varying amounts of
DDM Two, three, and four cubes can be linked to DDM at N = 0.5 (I).
Linear tethers connecting two cubes dominate the network structure at
N = 1.0 (II) [104].

Selected epoxy-functionalized cube nanocomposites were prepared from
octa(aminophenyl)-silsesquioxane

(OAPS),

poly(aminophenyl)silsesquioxane

(PAPS), octa(dimethylsiloxypropylglycidyl ether)silsesquioxane (OG), diglycidyl
ether of bisphenol A (DGEBA) and diaminodiphenylmethane (DDM) by Choi et al.

(Figure 1.22-25) [105]. GPC, FTIR,
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Si NMR, TGA, and DMA were conducted to

compare properties of nanocomposites. These studies demonstrated that [105] (1)
tethers with aromatic components increased char yields and decomposition
temperatures, (2) cube loadings were important in thermal stabilities, and (3) aromatic
tether structure, short tether lengths and high cross-link densities reduced tether
segmental relaxation motions. These, in turn, stiffened the network and minimized
macroscopic glass transitions. Nanocomposites prepared from OAPS and PAPS
exhibited nearly identical thermomechanical properties with PAPS, offering a low
cost alternative to OAPS.

DDM

DGEBA
OAPS
Figure 1.22

Epoxy tether formation
silsesquioxane [105].

where

one

component

is

a

cubic

Figure 1.23

Structure of OAPS (60:30:10 m:p:o) and possible structure for PAPS.
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Figure 1.24

Octaglycidyldimethylsiloxyoctasilsesquioxane (OG), diglycidyl ether
of bisphenol A (DGEBA) and diaminodiphenylmethane (DDM) [105].

Figure 1.25

Tether formation in OG/OAPS and OG/PAPS [105].

The thermomechanical properties of octafunctional cubic silsesquioxanemodified

epoxy

resins

associated

with

dimethyldiaminodicyclohexylmethane)

were

dicycloaliphatic
studied

using

hardener

(4,4′-

thermogravimetric

analysis, differential scanning calorimetry, and dynamic mechanical analysis by Mya
et al. [106]. Fourier transform infrared spectroscopy and wide-angle X-ray scattering
techniques were used to characterize the structures of epoxy resin containing cubic
silsesquioxane epoxides. Octa(dimethylsiloxybutylepoxide) octasilsesquioxane (OB)
(Figure 1.26) and octa(glycidyldimethylsiloxyepoxide) octasilsesquioxane (OG)
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(Figure 1.27) were synthesized and used as additives to improve the properties of a
commercial Ciba epoxy (Araldite LY5210/HY2954) resin by exploring the effects of
varying the ratio of OB or OG. Thermogravimetric analysis and dynamic mechanical
analysis showed that the highest thermal stability was observed at N = 0.5 (N =
number of amine groups/number of epoxy rings). No glass transition temperature was
observed by adding 20 mol % OB to the Ciba epoxy resin. This indicates that a
reduction of chain motion has occurred in the presence of octafunctional cubic
silsesquioxane epoxide. The storage modulus of the OB/epoxy composites also
increased, especially at higher temperatures, compared with the Ciba epoxy resin
under identical curing conditions [106]. In contrast, the OG/epoxy systems gave poor
thermomechanical properties.

Figure 1.26

Figure 1.27

OB
The synthetic route to octa(dimethylsiloxy butyl) epoxide (OB) [106].

OG
The synthetic route to octa(glycidyl-dimethylsiloxy) epoxide (OG)
[106].
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Ni and coworkers have incorporated polyhedral oligomeric silsesquioxanes
(POSS) into epoxy resin by in-situ polymerization of diglycidyl ether of bisphenol A
(DGEBA) and 4,4’-diaminodiphenylmethane (DDM) in the presence of the two
structurally similar POSS monomers (Figure 1.28) with aminophenyl and nitrophenyl
groups, respectively [107]. Up to 20 wt% of POSS was added to epoxy resin. The
morphologies of the resulting hybrids were dependent on the types of R groups in the
POSS monomers [107]. SEM detected phase separation induced by polymerization
which occurred in the hybrids containing octanitrophenyl POSS. Spherical particles
of POSS-rich phase (<0.5 µm in diameter) were uniformly dispersed into the
continuous epoxy matrix. In contrast to the octanitrophenyl POSS composites, the
octaaminophenyl POSS nanocomposites exhibited a homogeneous morphology.
“Differential scanning calorimetry and dynamic mechanical analysis showed that the
glass transition temperatures of the POSS composites were lower than that of the
control epoxy” [107]. However, the glass states moduli of these composites were
significantly higher than that of the neat epoxy resin. At < 20 wt% POSS loading, the
storage moduli of the rubbery plateau of the octaaminophenyl POSS epoxy
nanocomposites were higher than that of the neat epoxy resin. The octaaminophenyl
POSS epoxy nanocomposites displayed more improvements in thermal stability than
the octanitrophenyl POSS composites as indicated by thermogravimetric analysis.
This was due to the nano-scaled dispersion of octaaminophenyl POSS cages and their
chemical bonding to the epoxy matrix.
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Figure 1.28

The POSS monomers used in Ni’s work: (A) octanitrophenyl POSS
(OnpPOSS), (B) octaaminophenyl POSS (OapPOSS) [107].

Matejka et al. [108-109] used mono- or polyepoxy POSS monomers to
prepare two types of epoxy-amine networks based on diglycidyl ether of Bisphenol A
(DGEBA) and poly-(oxypropylene)diamine (Jeffamine D2000, molecular weight =
2000). SAXS, WAXS, and TEM were used to study the structure of the POSScontaining networks, including the structure evolution during network formation. The
pendant monofunctional POSS/epoxy systems showed a strong tendency toward
aggregation and crystallization, depending on the nature of POSS’s organic groups.
During network formation, ordering of the crystal domains took place. The POSSPOSS interaction was the major factor controlling the network structure [108]. The
polyepoxy POSS monomers also aggregated in the organic matrix. However, during
network formation, the system became more homogeneous and POSS became better
dispersed as the network underwent crosslinking. Moreover, homogeneous dispersion
of POSS in the cured organic-inorganic networks increased with an increase in POSS
crosslink functionality.
Thermomechanical

properties

and

thermal

stability

of

the

POSS/DGEBA/Jeffamine D2000 composites were determined by DMA and TGA.
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The strongest reinforcement was achieved in the networks with pendant POSS which
formed ordered crystalline domains. These acted as physical crosslinks. “The POSS
skeleton with “soft” flexible substituents, such as octyl, only formed weak aggregates
which did not contribute to reinforcement” [109]. The storage moduli of the rubbery
plateau of the networks containing POSS located at crosslink junctions increased with
increasing POSS functionality due to enhanced network crosslink density. These
networks were more homogeneous. The modulus of the network with the
octafunctional POSS junction well agreed with theoretical predictions. The
mechanical properties were affected mainly by POSS-POSS interactions: efficient
reinforcement was observed mainly in the case of networks involving pendant POSS
with a high propensity to crystallization. The POSS crystalline domains in the
networks formed physical crosslinks, thus increasing crosslinking density and rubbery
modulus.
Table 1.4

Thermomechanical properties and thermal stability of the organicinorganic networksa [109]
G’(25 °C)(Gpa) Tg(°C) G(t = 2 h)/G(t = 0) T5%,(°C)

DGEBA-D2000
2.0
-29
0.989
296
POSS,E8-D2000
3.8
-45
0.975
280
3.4
-30
0.937
315
DGEBA-POSSphE1(x=0.33)-D2000
DGEBA-POSSoctE1(x=0.33)-D2000
0.88 -31
0.995
299
DGEBA-POSSDGEBA,mon(x=0.33)-D2000 5.0
-26
0.82
319
38
-24
0.74
325
POSSDGEBA.mon-D2000
POSSDGEBA,olig-D2000
230
20
0.43
355
a
Tg is the peak temperature of the loss factor tan δ. G(t = 2 h)/G(t = 0) is the relative
decrease in modulus G(t) by stress relaxation at T = Tg + 85 °C in 2 h. T5% is the
temperature corresponding to 5% loss of mass in air atmosphere.
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a
POSSphE1

b
POSSE8

POSSDGEBA,mon
d

POSSDGEBA,olig
Figure 1.29

f

c
POSSE4

e
POSSoctE1

g
POSSE2

a: Monoepoxy-POSS with phenyl (POSSphE1); b: octaepoxy-POSS
(POSSE8); c: tetraepoxy-POSS (POSSE4); d: POSS-modified
DGEBA monomer (POSSDGEBA,mon); e: monoepoxy-POSS with
isooctyl (POSSoctE1); f: POSS modified DGEBA oligomer
(POSSDGEBA,olig); g: Diepoxy-POSS (POSSE2) [109].

50
PMMA/POSS Nanocomposites
Random copolymers of methyl methacrylate with polyhedral oligomeric
silsesquioxane (POSS) were synthesized and blended with PS and PMMA
homopolymer thin films by Zhang et al. [110]. The effects of the propylmethacrylheptacyclopentyl POSS on phase segregation were studied. These copolymers were
efficient at compatibilizing immiscible polymer blends. Compatibilization occurred
when the POSS was grafted onto the backbone and favorable interactions existed
between the POSS functional groups and the PS homopolymers [110]. The
consequences of this compatibilization were that domain size was reduced, interfacial
width was increased, and fracture toughness was greatly improved. This
compatibilization was due to the increased site functionality (cyclopentyl groups)
provided by the POSS molecule without changing the entropic interactions at the
interface associated with introducing functionalities to the polymer chains.
Kopesky et al. [111] have characterized poly(methyl methacrylate)s
containing both tethered and untethered polyhedral oligomeric silsesquioxanes
(POSS) by wide-angle X-ray diffraction (WAXD), differential scanning calorimetry
(DSC), and rheological measurements. The presence of tethered-POSS in entangled
copolymers led to a decrease in the plateau modulus compared with the PMMA
homopolymer. Octacyclohexyl-POSS and octaisobutyl-POSS were used as
untethered-POSS fillers and blended with PMMA homopolymer. DSC and
rheological measurements suggested a large fraction of POSS molecularly dispersed
into the polymer matrix at small volume loadings (≤ 0.05) of untethered-POSS. At
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higher POSS loadings, an apparent solubility limit was reached. Beyond this point,
additional untethered-POSS aggregated into crystallites in the PMMA matrix. These
crystallites caused both the viscosity and the plateau modulus to increase, which
agreed with classical predictions for hard-sphere-filled suspensions. OctaisobutylPOSS was also blended with a POSS-PMMA copolymer containing 25 wt% tethered
propylmethacryl heptaisobutyl-POSS. Blends of untethered-POSS with copolymer
had significantly higher zero-shear-rate viscosities for all loadings. These increases
were greater than that expected for traditional hard-sphere fillers. This was due to
associations between untethered-POSS and tethered-POSS cages in the blend, which
retarded chain relaxation processes in a way not observed in either the homopolymer
blends or the unfilled copolymers containing tethered-POSS [111].

Polymer-carbon Nanotube or Nanofiber Composites
Other types of nanoscale fillers are already commercially important, including
fillers based on carbon: carbon nanotubes and nanofibers. Carbon nanotubes and
nanofibers can be classified into the following three groups: carbons produced by
vaporization of carbon clusters or fragments; carbons produced by catalytic effects of
nano-sized metallic particles; and carbons produced by other processes, such as
templates, polymer blends, etc.
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Carbon Nanotubes and Nanofibers
There are two main types of carbon nanotubes: single-walled nanotubes
(SWNTs) and multi-walled nanotubes (MWNTs). SWNTs consist of a single graphite
sheet seamlessly wrapped into a cylindrical tube as shown in Figure 1.30a-d;
MWNTs consist of an array of such nanotubes that are concentrically nested like
rings of a tree trunk as shown in Figure 1.30e [114].
Small diameter nanotubes have high Young’s moduli and high tensile
strengths. Experimental values of Young’s moduli and tensile strengths in the
literature range from 0.32-1.47 TPa and 10 to 150 GPa, respectively [115-117]. More
impressive and important for applications needing light structural materials, the
density-normalized modulus and strength of SWNT are, ~19 and ~56 times that of
steel wire, respectively, and ~2.4 and ~1.7 times that of silicon carbide nanorods,
respectively [114,118]. However, SWNTs cannot be produced on a large scale and
are extremely expensive at present. “High-purity samples are about $750/g and
samples containing substantial amounts of impurities cost about $60/g” [114].
SWNTs and MWNTs can be made by carbon-arc discharge, laser ablation of
carbon, or chemical vapor deposition (typically on catalytic particles) [119].
Nanotube diameters range from ~0.4 to ~3 nm for SWNTs and from ~1.4 to at least
100 nm for MWNTs [119-120]. In Japan, “carbon nanotubes are successfully
prepared by the so-called template carbonization technique involving carbon
deposition from propylene gas at 800 ºC on the inner walls of the nano-sized channels
of an anodic aluminum oxide film” [121-123]. The preparation procedure is
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schematically shown in Figure 1.31. Carbon deposits on the pore walls of the
aluminum oxide film. This is followed by dissolution of the aluminum oxide either by
HF at room temperature or a NaOH solution at 150 ºC in an autoclave [123]. Figure
1.32 displays the SEM and TEM images of carbon nanotubes prepared using 30 nm
diameter channels in Al2O3.
Carbon nanofibers (diameter range, 3~300 nm; length range, 0.1~1000 µm)
often emerge during catalytic conversion of carbon-containing gases. The recent
interest in these graphitic materials originates from their potential for unique
applications as well as their chemical similarity to fullerenes and carbon nanotubes.
Carbon nanofibers can be produced in a relatively large scale by the size of the
catalytic decomposition of certain hydrocarbons on small metal particles. The
diameter of the nanofiber is governed by the size of the catalyst particles responsible
for their growth and whether or not the fibers are subsequently thickened by CVD.
Vapor grown carbon nano-fibers (VGCNFs) are produced by the catalytic
decomposition of hydrocarbons in the vapor phase. These nanofibers have circular
cross sections. The filaments are hollow with diameters varying from 20 nm to 10 µm
(depending on the production method). Individual graphitic planes are formed parallel
to each other. The filaments are thickened in a separate process in which pyrolytic
carbon is deposited by chemical vapor deposition onto the graphite filament substrate
[127]. The graphitic network of the filament is arranged in concentric conical
structures with an oblique angle to the fiber axis, with carbon layers arranged like tree
rings forming the intrinsic structure [124-126] (Figure 1.33-34). This concentric

54
arrangement is called the stacked cup morphology since it resembles a stack of very
long dixie cups, with their bottoms removed, stacked one inside the other. This
unique structure gives the fibers outstanding physical properties like high tensile
strength and tensile modulus, high electrical conductivity and high thermal
conductivity [128] (Table 1.5). It should be noted that the data in Table 1.5 are taken
from Pyrograf I vapor grown carbon fibers which are much larger than the 50 to 250
nm diameter sizes of Pyrograf III. The properties of the smaller carbon nanofibers
must be determined indirectly from studies of their composites.

Table 1.5

Properties of Pyrograf ITM fibers

Property

As Grown

Heat Treated

Fiber Diameter
Density
Tensile Strength
Tensile Modulus
Coefficient of Thermal Expansion
Electrical Resistivity
Thermal Conductivity

100 ~ 200
1.8
2.7
400
-1.0
1000
20

100 ~ 200
2.1
7.0
600
-1.0
55
1950

(http://www.apsci.com/ngm-pyro1.html)

Units
nm
g/cm3
GPa
GPa
ppm/°C
µΩcm
W/mK
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Figure 1.30

Schematic illustrations of the structures of (a) armchair, (b) zigzag,
and (c) chiral SWNTs. Projections normal to the tube axis and
perspective views along the tube axis are on the top and bottom,
respectively. (d) Tunneling electron microscope image [112] showing
the helical structure of a 1.3-nm-diameter chiral SWNT. (e)
Transmission electron microscope (TEM) image of a MWNT
containing a concentrically nested array of nine SWNTs. (f) TEM
micrograph [113] showing the lateral packing of 1.4-nm-diameter
SWNTs in a bundle. (g) Scanning electron microscope (SEM) image
of an array of MWNTs grown as a nanotube forest (micrograph
courtesy of L. Dai) [114].
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Figure 1.31

Preparation procedure of carbon nanotubes by a template
carbonization technique (courtesy of Prof. T. Kyotani of Tohoku
University) [123].

Figure 1.32

SEM and TEM images of carbon nanotubes prepared by a template
method: (a)–(c) SEM images with different magnifications; (d)–(f)
TEM images; (a)–(e) as-prepared and (f) 2800 ºC-treated carbon
nanotubes [123].
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Diameter of the Fe
particle
Well-defined graphic
planes
Pyrolytic carbon
(This does not
imply aligned
graphite planes)
Fiber axis (hollow center)
a
Figure 1.33

b

(a) Concentric cones of graphite planes. This is the stacked cup
morphology which forms the inner filament. (b) Fiber longitudinal
section along the fiber axis showing the pyrolytic graphitic CVD outer
layer deposited onto the stacked cup inner filament.

Figure 1.34 A Pyrograf IIITM VGCF showing the iron nanoparticle catalyst from
which the fiber grows. (http://www.apsci.com/ppi-pyro3.html)
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Epoxy/carbon Nanotubes or Nanofibers Nanocomposites
Patton et al. [129-131] reported the first strength improvements in VGCF
organic matrix composites. The main variable contributing to these strength
improvements was the use of high shear mixing of fiber with the resin before curing.
These techniques aided in resin infusion and fiber dispersion. Resin infusion was one
of the two most important problems associated with making VGCF composites.
VGCFs were mixed with a low viscosity epoxy resin using a high-speed blender and
then a two-roll mill was used to provide high shear mixing. After curing and
stress/strain analysis, the values obtained for the flexural moduli and flexural strength
of these fibers (Pyrograf IIITM) were approximated using the rule of mixtures for a
three dimensionally random fiber distribution. The lower limits of VGCF’s flexural
moduli and flexural strength obtained are shown in Table 1.6. Composites with high
fiber volume fractions did not exhibit any strength improvements, due to their high
porosity which resulted from fiber packing problems, volume fraction limitations for
three-dimensional random fiber distribution and fiber nesting. These composites had
poor mechanical properties.
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Table 1.6 Mechanical property comparison between Pyrograf I
Property

Pyrograf ITM

Diameter
Tensile strength
Young’s modulus

1-100 µm
2.7 GPa
400 Gpa

TM

and Pyrograf III

TM a

Pyrograf IIITM
0.1-0.3 µm
1.70-3.38 GPa b
88-166 GPa b

a

Patton, R.D., Pittman Jr.C.U., Wang, L.,Composites: Part A, 1999, 30A (9),1081.
These values were calculated from the rule of mixtures after measuring the properties of
VGCF/epoxy composites with 15% and 19% wt. VGCF, which were mixed in a high speed blender
followed by extensive two-roll milling. They represent the lower limits of the properties because these
composites have flaws. If they were perfect, the tensile strengths and tensile moduli of these
composites (and hence that calculated for the fibers) would be higher.
b

Wang et al. [132] developed a method to fabricate nanocomposites with
preformed SWNT networks and high tube loading. With the aid of a surfactant,
SWNTs were dispersed in water and sonicated. SWNTs were fabricated into thin
membranes (buckypapers) by filtration to form networks of SWNT ropes.
Impregnation of resin to the buckypaper was achieved by infiltrating acetone-diluted
epoxy resin along the thickness direction. Hot press molding was used to produce
final nanocomposites composed of multiple layer buckypapers with high SWNT
loadings (up to 39 wt%). The storage moduli of the resulting nanocomposites were
higher than that of the neat epoxy resin (Table 1.7). The DMA results also indicated
that the presence of nanotubes strongly influenced the damping behavior of the
composites. There was no obvious Tg peak along the tanδ curve and the intensity of
tanδ continuously increased as temperature increased above the neat epoxy resin’s
glass transition temperature. The authors argued that the intensive molecular level
interactions between SWNTs and resin molecules might cause the high tanδ values
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for the buckypaper-reinforced composites. AFM and SEM showed that the SWNTs
have a good dispersion in the buckypaper and the nanocomposites.
Table 1.7

DMA storage modulus values for epoxy resin/buckypaper composites
[132].

SWNT loading (wt%)
0
28.1
31.3
37.7
39.1

Storage modulus (GPa)
2.55
11.45
15.10
13.49
13.24

Increase (%)
0
349
492
429
419

The thermo-physical properties and the impact strength of diglycidyl ether of
bisphenol F (DGEBF) epoxy nanocomposites reinforced with fluorinated single-wall
carbon nanotubes (FSWCNT) were reported by Miyagawa and Drzal [133].
FSWCNT were dispersed into the epoxy resin by sonication. The resulting
nanocomposites had large modulus improvements with extremely small amounts of
added FSWCNT. Keeping the amount of the anhydride curing agent constant, the
glass transition temperature of the composites decreased approximately 30 °C with
loading of 0.2 wt% (0.14 vol%) FSWCNT. This was due to the non-stoichiometry of
the epoxy matrix caused by the fluorine on the single-wall carbon nanotubes. The
fluorine on the surface of FSWCNT could become free radicals which might break
the chains including epoxide rings of the epoxy resin. DMA was used to examine the
correct amount of the curing agent needed to achieve stoichiometry of the epoxy
matrix. The room temperature storage modulus of the epoxy (below the
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nanocomposite’s Tg) increased to 0.63 GPa with the addition of only 0.30 wt% (0.21
vol%) of FSWCNT. This represents an up to 20% improvement compared with that
of the neat epoxy. The Izod impact strength slightly decreased with the amount of
FSWCNT increased to 0.3 wt% [133].
O
H2C

C
H

H2
C O

O
H2
C

H2
C

O
C
H

CH2

DGEBF

Different types of catalytically grown multiwall carbon nanotubes (MWNTs)
were dispersed in an epoxy resin with 1, 3 or 6 wt.% MWNTs loading, and then the
mechanical properties of the MWNT/epoxy composites were tested [134]. MWNTs
were synthesized at 600 °C by catalytic decomposition of acetylene either on a
CoxMg(1-x)O solid solution or on a Co/NaY supported catalyst. Surface chemical
oxidation of MWNTs allowed a better dispersion of nanotubes in the epoxy matrix.
The influence of the MWNTs structure, microtexture, porous texture and nanotube
concentration on the composite mechanical properties were discussed.
CVD-grown multi-wall carbon nanotubes were dispersed to serve as
electrically conductive fillers in an epoxy system based on a bisphenol-A resin and an
amine hardener [135]. During nanocomposite curing, both AC and DC electric fields
were applied to study the influence of electric fields on the formation of aligned
conductive nanotube networks between the electrodes. In-situ optical microscopy and
current density measurements were studied to evaluate the network formation process
and resulting network structure as a function of curing time [135]. The electric field
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induced forces acting on the nanotubes having a negative surface charge after
processing in the epoxy and the formation of aligned carbon nanotube network. The
nanotube network structure formed in AC fields was more uniform and more aligned
compared to that in DC fields as indicated by TEM. The specific bulk composite
conductivity of fully processed composite samples was still low as compared to the
conductivity of the pure multi-wall carbon nanotubes. This reflected differences in the
nanotube network structure due to the presence of epoxy resin to prevent direct
contact between multi-wall carbon nanotubes.

PMMA/carbon Nanotube or Nanofiber Nanocomposites
Wu and coworkers [136] attempted to clarify the influence of surface
roughness on the thermodynamic interactions between carbon particles (carbon black
(CB) and carbon fibers (VGCF)) and polymer melts. CB and VGCFs had different
surface roughnesses. Their surface energies were estimated by inverse gas
chromatography (IGC) and highly sensitive isothermal calorimetry (HS-ITC)
measurements using low molecular-weight analogues of polymers as probes. The
carbon surfaces were found to possess energetic heterogeneity with the most active
sites at the graphite crystalline edges [136]. SEM and TEM were used to investigate
the competitive adsorption of two chemically different polymers by incorporation of
the VGCF into the polymer blend. In VGCF-filled HDPE (high-density
polyethylene)/PMMA composites, the authors found that a self-assembled
VGCF/HDPE network formed throughout the PMMA matrix where the flexible
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HDPE chains were preferentially absorbed at the rough ends of the VGCF filaments.
The authors concluded that surface roughness strongly affected the carbon-polymer
interactions, and the entropy penalty might play a main role in competitive adsorption
of polymers on the rough carbon surfaces [136].
Jia et al. [137] developed PMMA/SWNT nanocomposites via in-situ bulk
polymerization. In their study, SWNTs were introduced into the reaction mixture in
bulk. The SWNT concentration varied from 1 to 20 wt%. The authors noted an
unusual effect on the polymerization: the higher the SWNT concentration was, the
greater the amount of AIBN (radical initiator) needed to achieve complete
polymerization. This effect was observed as a change in the time period for observing
a viscosity increase. They suggested that AIBN opened the π bonds of the SWNTs,
making it possible for the SWNTs to link to one another and to the PMMA matrix.
This forms a strong interface between the CNTs and the PMMA matrix. The
mechanical properties and the heat deflection temperatures of composites rose with
higher SWNT loadings. The authors also noted the appearance of a new peak (at 1650
cm-1) in the Fourier transform infrared spectra of a composite containing 20 wt %
SWNT and attributed this to the existence of a COC bond between the SWNTs and
PMMA.
MWNT-PMMA nanocomposites were prepared by ultrasonication of acidtreated MWNT in liquid methyl methacrylate monomer, followed by in-situ bulk
polymerization [138]. The authors proposed that MWNTs consumed the initiator
(AIBN) by opening MWNT surface π-bonds to generate surface-bound radicals
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during polymerization. The generation of radicals on MWNT surface by AIBN
induced the growth of PMMA chains tethered on CNT surface. Therefore, the
molecular weight of PMMA increased with the MWNT content. “FTIR spectroscopy
supported the generation of a new π-bond between MWNT and PMMA” [138]. Also,
SEM images showed both MWNT embedding within the PMMA matrix and thicker
MWNT diameters after polymerization, implying a more homogeneous morphology
and good phase compatibility. Films of MWNT-PMMA composites obtained by insitu polymerization were free of MWNT aggregates on the order of micrometers and
they were more transparent than composites made by simple solution mixing. The
authors argued that MWNT could be more uniformly dispersed in a PMMA matrix by
in-situ polymerization than by using a PMMA solution due to the grafting of PMMA
in the former method.
Poly(methyl methacrylate) (PMMA) nanocomposites containing welldispersed multiwalled carbon nanotubes (MWNTs) were prepared via in-situ bulk
polymerization of methyl methacrylate (MMA) in the presence of acid treated
MWNTs [139]. Electrical conductivities of the PMMA/MWNT nanocomposite films
with 1-5 wt % loading of MWNT were reduced from 10-4 and 10-2 S/cm to ~10-10
S/cm when PMMA/MWNT nanocomposites with the same MWNT loadings were
electrospun in DMF (dimethylformamide) into nanofibrous membrane. The
dispersion of the MWNTs in the electrospun nanofibers was superior to the
conventional polymer composites with MWNTs. Also, SEM and TEM showed that
MWNTs in the electrospun nanofibers were embedded in the polymer matix and
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aligned along the fiber axis. The authors proposed that the high porosity of the
electrospun membrane together with excellent wrapping of PMMA chains around the
MWNT might cause the reduction of the electrical conductivity by insulating the
fibers, preventing good fiber to fiber contacts.

Cyanate Ester Resins
The term “cyanate ester resin” is used to describe both prepolymers and final
cured resins based on the cyanate ester functionality. The prepolymer contains
reactive ring-forming cyanate (-O-C≡N) functional groups [140-141]. Cyanate ester
monomers and their oligomers are –OCN-functionalized bisphenols. During curing,
these monomers cyclotrimerize to substituted triazine rings by heating. Figure 1.35
shows the cure reaction for a bisphenol-derived cyanate ester (such as PT-15 from
Lonza). This reaction can be catalyzed by metal ions, phenolic hydroxyls or it can
simply be thermally polymerized at temperatures of 140 ºC or higher.
Cyanate esters are currently in widespread use because of their high thermal
stability, excellent mechanical properties, good flame resistance, low outgassing, and good
radiation resistance [142-148]. Applications of cyanate ester resins include structural
aerospace, electronic, microwave-transparent composites, encapsulants and adhesive.
Cyanate ester resins are superior in several ways to conventional epoxy, polyimide and
BMI resins which either lack thermal stability in high temperature applications or
require narrow processing windows for application. For example, the moisture
absorption rate of cyanate esters is lower than epoxy, polyimide and BMI resins. The high
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glass transition temperature (> 250 ºC) of cyanate esters fills a temperature regime
intermediate between that of epoxy resins and the hazardous/difficult to handle polyimide
or BMI resins. Cyanate ester resins are easy to process in a manner similar to epoxy resins
but they can be processed as liquids, before curing, at higher temperatures. Cyanate esters
undergo thermal or catalytic cyclotrimerization to form the triazine structure. Cyanate
esters are being studied in our group as precursors to carbon-carbon materials because
they may be cured without outgassing and they form dense thermally stable resins.
Carbon-carbon materials are composites formed by impregnating continuous carbon fiber
cloths or preforms with an organic thermoset resin (usually phenolic resins), curing the
resin and then high temperature pyrolysis to carbonize the matrix resin. Outgassing during
pyrolysis creates pore volume which is reimpregnated by resin and repyrolyzed. This
process is repeated to densify the structure. Cyanate esters tend to be brittle and have
reduced impact resistance, like most highly crosslinked thermosets.
One objective of the work presented in this dissertation is to incorporate nanosized silica phases into carbon-carbon materials. Can such nanodispersed phases be
maintained upon curing of the resin and on pyrolysis of the cured cyanate ester
resin/carbon cloth composite and the subsequent densification processes?
Furthermore, if nanodispersed phases occur, as envisioned, will they function to form
O2 diffusion barriers and to serve as char-forming nuclei, thereby increasing the use
life of the carbon-carbon composite at 680 – 800 ºC in air? Polyhedral oligomeric
silsesquioxanes (POSS) are being used as nanophases in this work. Incorporating
these nanophases should improve some of the properties of the original cyanate ester
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resin matrix. Molecular level dispersion of POSS within cured cyanate ester resins is
the key goal. When POSS chemicals are blended with liquid resins, they may or may
not be soluble in the resin. Even when they are soluble, they may phase separate to
varying degrees during resin curing. Other POSS monomers may cure with the resin
and be chemically incorporated into the material faster than phase separation can
occur.
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CHAPTER ΙI
CHARACTERIZATION TECHNIQUES
Fourier Transform Infrared Spectroscopy (FTIR)
Infrared (IR) spectroscopy has become an important tool for the
characterization of the chemical and physical nature of polymers. In infrared
spectroscopy, infrared radiation is passed through a sample. Some of the infrared
radiation is passed through (transmitted) the samples and some of it is absorbed by
the sample. The resulting spectrum represents the molecular absorption and
transmission.
A molecule can interact with electromagnetic radiation with Bohr’s frequency
relation
∆E = hν

with ∆E = Ek - Em

(2-1)

where ∆E represents the energy difference between two allowed energy levels, k and
m, h (6.62×10-34 J/sec) is Planck’s constant, and ν is the frequency of the absorbed or
emitted electromagnetic radiation [1].
Beer’s law [1] can be written as for the change in intensity, dI, of the radiation
passing through a sample at a certain frequency,
-dI = a′(ω) Ic dr

(2-2)

78

79
where I is the energy passing through the sample, c is the concentration of the sample
and dr is the path length of the incident radiation. Equation (2-2) indicates that the
intensity of the incident radiation decreases as the effective path length in an
absorbing sample increases. Integration of Equation (2-2) for a homogeneous medium
at a given frequency yields:
ln

Io
1
= ln
= a′(ω) cb
I
T

(2-3)

where T= I/Io is the transmittance and b the sample path length. Using base 10
logarithms, this Equation (2-3) becomes:
A = log

Io
1
= log
= a(ω) cb
I
T

(2-4)

and A is the absorbance and a(ω) is the absorptivity [2-3].
All the atoms in molecules continuously vibrate with respect to each other at
temperatures above absolute zero. The molecule absorbs radiation when the
frequency of a specific vibration of the molecule is equal to the frequency of the IR
radiation directed at the molecule. Because each material is made of different atoms,
and different chemical bonds, different compounds do not produce the exact same
infrared spectrum. Thus, infrared spectroscopy can be used to qualitatively analyze
different kinds of material. Also, the intensity of the peaks in the spectrum can be
used to calculate the amount of material present.
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X-ray Diffraction (XRD)
X-rays have typical photon energies in the range of 100 V - 100 kV. Only
short wavelength x-rays (hard x-rays) in the range of a few angstroms to 0.1 angstrom
(1 kV - 120 kV) are used in diffraction applications. The wavelength of x-rays is
comparable to the size of atoms and is suitable for probing the structural arrangement
of atoms and molecules in materials. The energetic x-rays can penetrate deep into the
material and provide useful information about the bulk structure [4].
Figure 2.1 is a schematic diagram of a diffractometer system. The diffraction
of X-rays by the specimen results from the combination of two different phenomena:
(a) scattering by each individual atom, and (b) interference between the waves
scattered by these atoms [5]. Interaction of X-rays with the specimen creates
secondary “diffracted” beams (actually generated in the form of cones) of X-rays that
result in constructive and destructive interference as shown in Figure 2.2. The
diffraction pattern is related to interplanar spacings in the crystalline structure
according to Bragg’s Law [6] (Figure 2.3):
n λ = 2d sin θ

(2-5)

where n is an integer representing the order of the diffraction peak
λ is the wavelength of the X-ray
d is the interplanar spacing generating the diffraction
θ is the diffraction angle
λ and d are measured in the same units, usually angstroms. Although atoms are used
as scattering points in the above example, Bragg’s law holds for any periodic
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distribution of electron density. If the atoms are replaced by molecules or collection
of molecules, such as colloids, polymers, proteins and particles, the law is still valid.
For a specimen having a statistically infinite amount of randomly oriented crystallites,
diffraction maxima (or peaks) are measured along the 2θ diffractometer circle.
The “angle” of the diffraction (recorded as 2θ by convention) is related to the
interplanar spacing, d, by Bragg’s law, and the intensity of the diffraction maximum
is related to the strength of those diffractions in the specimen. X-ray data are recorded
in terms of 2θ (x-axis) vs intensity (y-axis).

Figure 2.1

A schematic diagram of a diffractometer system [7]
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Figure 2.2

Schematic presentation of interference of two waves [8]

Figure 2.3

Regular two-dimensional array [9]

Electron Microscopy
If electrons are used instead of optical waves, much smaller wavelengths can
be used. The wavelength can be varied depending on the voltage set to accelerate the
electrons towards the sample. The velocity, v, of a single electron can almost reach
the velocity of light, c. Electron microscopy takes advantage of the much shorter
electron wavelength and thousandfold increase in magnification versus the optical
microscope is possible (Figure 2.4) [10].
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Figure 2.4

Range of resolution of various magnifying tools (top), the structures
they are capable of resolving (bottom, images) and the size range of
the structures (middle, scale). (a) Sewing needle viewed by SEM, (b)
human hair by SEM, (c) thin section of mammalian cell by TEM, (d)
bacterial cells by SEM, (e) clump of four herpes viruses by TEM
negative staining, (f) enzyme macromolecules by TEM negative
followed by image processing. (g) scanned probe image of single atom
defect (center) in graphite demonstrating the resolution of subtle
atomic structures [10].
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The transmission electron microscope (TEM) projects electrons through a
very thin slice of specimen (~ 60–70 nm) to produce a two-dimensional image on a
phosphorescent screen. The brightness of a particular area of the image is
proportional to the number of electrons that are transmitted through the specimen.
The scanning electron microscope (SEM) produces a three-dimensional image. SEM
uses a 2 to 3 nm beam of electrons to scan the surface of the specimen to generate
secondary electrons from the specimen. These secondary electrons are then detected
by a sensor. The image is produced over time as the entire surface of the specimen is
scanned. Figure 2.5 illustrates the basic differences between the transmission electron
(TEM) and scanning electron (SEM) microscopes. Figure 2.6 is a comparison of a
light microscope, TEM and SEM.
Besides being discrete particles having a negative charge and a mass of 9.1 ×
10-23 kg, electrons also have wave properties. In fact, the wavelength (λ) of an
electron is expressed by the deBroglie equation as shown in Equation (2-6) and the
deBroglie relation determines the interrelationship between wavelength and
momentum [10].
λ=

h
h
=
p mv

where h = Planck's constant (6.62608 × 10-27 erg/s)
m = mass of the electron
ν = electron velocity

(2-6)
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After appropriate substitutions associating kinetic energy to mass, velocity,
and accelerating voltage, Equation (2-6) may be expressed as:
λ=

1.23
V

nm

(2-7)

Where V = accelerating voltage
Therefore, if one were operating a transmission electron microscope at an
accelerating voltage of 60 kV, the wavelength of the electron would be 0.005 nm, and
the resolving power of the system, after substitution of these values into Equation (27), should be approximately 0.003 nm. The actual resolution of a modern high
resolution transmission electron microscope can only approach 0.1 nm at 60 kV. Why
is it not possible to achieve the nearly 100-fold better resolution of 0.003 nm? This is
due to the extremely narrow aperture angles (approximately 1,000 times smaller than
that of the light microscope) needed by the electron microscope lenses to overcome
spherical aberration, a major resolution limiting phenomenon. In addition, the
diffraction phenomenon as well as chromatic aberration and astigmatism all degrade
the resolution capabilities of the TEM [10-11].
The lenses of the SEM are constructed similarly to those of the TEM;
however, these electromagnetic lenses do not form an image of the specimen
according to the optical principles used by conventional light and transmission
electron microscopes. Instead, the lenses of the SEM are used to generate a
demagnified, focused spot of electrons that is scanned over the surface of an
electrically conductive specimen [10]. As these accelerated electrons strike the
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specimen, they generate a variety of signals which include low energy secondary
electrons from the uppermost layers of the specimen. Some of the secondary electrons
are collected by the secondary electron detector and generate a signal processed by
electronics and eventually displayed on a monitor. For each point the electron beam
strikes, the specimen generates secondary electrons and a corresponding pixel is
displayed on the viewing monitor. The brightness of the pixel is directly proportional
to the number of secondary electrons generated from the specimen surface [10]. The
electron beam is scanned rapidly over the specimen, the combination of many minute
points constructs a continuous image composed of many density levels or shades of
gray. The contrast of light and dark areas give the impression of depth.

Figure 2.5

Basic differences between the transmission electron (TEM) and
scanning electron (SEM) microscopes [10].
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Figure 2.6

Comparison of light microscope (LM) to transmission (TEM) and
scanning (SEM) electron microscopes [10].

Dynamic Mechanical Analysis
The mechanical behavior of a polymer may be characteristic of either an
elastic solid or a viscous liquid at the extreme condition. The viscoelastic behavior of
a polymer depends on temperature. The dynamic mechanical analysis records the
stress response to an application of a sinusoidal strain and is a method used to
measure the viscoelastic properties as a function of temperature and time (frequency).
For a tensile strain (Figure 2.7) that is a sinusoidal function of time, t, the
strain function is expressed as [12]
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ε (ω ) = ε 0 sin (ωt )

(2-8)

where εo = amplitude of the applied strain
ω = angular frequency of oscillation (units of radians per second, ω = 2πf, f is
frequency measured in cycles per second (Hz))
The stress resulting from the applied sinusoidal strain will also be a sinusoidal
function [12].
σ (ω ) = σ 0 sin (ωt + δ )

(2-9)

where σo = amplitude of the stress response
δ = phase angle between the stress and the strain (The phase angle is a
measure of the viscous response of the material to dynamic strain.)
For an ideal elastic solid, Hooke’s law [12] holds that the stress is always in
phase with strain (δ = 0 in Equation (2-9)) and
σ = Eε = Eε 0 sin (ωt ) = σ 0 sin (ωt )

(2-10)

In contrast, the stress of an ideal viscous fluid is always 90o out of phase ((δ =
π/2) with the strain. From Newton’s law of viscosity [12], the following result is
obtained,
 dε 
σ = η 
 dt 

(2-11)

From Equation (2-8), the derivative of ε with respect to time is:
dε
= ωε 0 cos(ωt )
dt
Substitution of Equation (2-12) into Equation (2-11) gives:

(2-12)
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π

σ = ηωε 0 cos(ωt ) = σ 0 sin  ωt + 
2


(2-13)

with σ = ηωε 0
Polymers behave more as Hookean solids at small deformations when the
temperature is below Tg, but they are distinctly viscoelastic at higher temperatures.
Over these temperatures, δ will have a temperature dependent value between 0o
(totally elastic) and 90o (totally viscous) [12].
By using complex notation, the dynamic response of a viscoelastic material to
an applied cyclical strain is expressed as:
ε* = ε 0 exp(iωt )

(2-14)

where i = −1 . The resulting complex stress, σ* (following the form of Equation (29)), is written as:
σ * = σ 0 exp[i (ωt + δ )]

(2-15)

From Hooke’s law, the complex modulus, E*, is defined as the ratio of
complex stress to complex strain as [12]
E* =

σ * σ 0 
=
 exp(iδ )
ε * ε0 

(2-16)

This complex modulus is divided into two components: one that is in phase
(E′) and one that is out of phase (E′′) with the applied strain. By substituted Euler’s
identity
exp(iδ ) = cosδ + i sin δ
into Equation (2-16), the complex modulus, E* is expressed as

(2-17)
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σ 0 
σ 0 
E* =  0  cosδ + i 0  sin δ
ε 
ε 

(2-18)

Equation (2-18) may be written as
E* = E'+iE"

(2-19)

σ 0 
where E' =  0  cosδ , is the (tensile) storage modulus
ε 
σ 0 
E"=  0  sin δ , is the (tensile) loss modulus
ε 
The ratio of loss and storage moduli gives the value of tanδ,
tan δ =

Figure 2.7

sin δ
E"
=
cosδ
E'

(2-20)

Sketch of an alternating stress leading an alternating strain by phase
angle δ [13].

Flexural Test
Flexural testing is widely used for characterizing materials of all types,
including composite materials. The flexural test measures the behavior of materials
subjected to simple beam loading. It is also called a transverse beam test with some
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materials. For composite materials, the flexural test is conducted according ASTM D
790 [14]. The specimen is supported on two knife edges as a simple beam and load is
applied at its midpoint, as shown in Figure 2.8. The flexural test does not induce a
simple or pure stress state in the specimen. A flexural test induces tensile stress on the
convex surface of the beam and compression on the concave surface. This creates an
area of shear stress at the midplane. The span length-to-thickness ratio of the flexural
specimen dictates the relative magnitudes of the normal stresses (tension and
compression) relative to the shear stress and the relative magnitudes of the tensile
compressive, and shear strengths of the material being tested. Thus, any one of the
three failure modes may be obtained in a flexural test. To ensure the primary failure
comes from tensile or compression stress, the shear stress must be minimized. This
can be done by controlling the span to depth ratio, the length of the outer span divided
by the height (depth) of the specimen. To avoid shear failures, higher ratios must be
used when a material with low shear strength relative to the tensile or compressive
strength is tested in flexure [15].
Both three- and four-point loading tests are used. The area of uniform stress is
quite small and concentrated under the center loading point in a three point bending
test. An area of uniform stress exists between the inner span loading points (typical
half the outer span length) in a four point bending test [16]. Although there are
distinct differences in the stress distributions induced within the test specimen, there
does not appear to be a distinct advantage of one method of loading over the other.
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The standard specifies a distance between loading points of either one-half the span
or one-third the span in four-point loading [15].

Figure 2.8

Flexural test experimental set-up [17]

Flexural strength is the maximum stress developed in a specimen just before it
cracks or breaks in a flexure test. Flexural yield strength is reported instead of
flexural strength for materials that do not crack in the flexural test. The flexural
modulus is the ratio of maximum stress to maximum strain, within the elastic limit of
the stress-strain diagram obtained in flexural test.
The flexural strength (FS) value was calculated at specimen failure according
to Equation (2-21):
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FS =

3PL
2Wt 2

(2-21)

where P is the breaking force of the specimen, L the support span, W the width, and t
the thickness. The flexural modulus (FM) was calculated from the tangent to the
steepest initial straight-line portion of the load-deflection curve and using Equation
(2-22):
FM =

L3 M
4Wt 3

(2-22)

where L is the support span, M the tangent of the initial straight-line portion of the
load-deflection curve, W the width, and t the thickness.
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CHAPTER III
CYANATE ESTER/OCTAAMINOPHENYL-POSS, 1, AND
CYANATE ESTER/CYANOPROPYLCYCLO-PENTYLPOSS, 2, NANOCOMPOSITES
Cyanate ester (PT-15, Lonza Corp) composites containing the inorganicorganic hybrid polyhedral oligomeric silsesquioxane (POSS), octaaminophenyl(T8)POSS, 1 (C6H4NH2)8(SiO1.5)8, were synthesized. These PT-15/POSS-1 composites
(99/1, 97/3 and 95/5 wt%/wt%) were characterized by X-ray diffraction (XRD),
transmission election microscopy (TEM), dynamic mechanical thermal analysis
(DMTA), solvent extraction and FT-IR. The Tg values of the composite with 1 wt% 1
increased sharply vs the neat PT-15 but 3 and 5 wt% of 1 in these cyanate ester
composites depressed Tg. All PT-15/POSS composites exhibited higher E’ values (at
T > Tg) than the parent resin but these values decreased going from 1 to 5 wt% of
POSS. Tanδ peak intensities decreased and their widths broadened upon
incorporation of POSS. XRD, TEM and IR data are all consistant with molecular
dispersion of 1 due to the chemical bonding of the octaamino POSS-1 macromer into
the continuous cyanate ester network phase. The amino groups of 1 react with cyanate
ester

functions

at

lower

temperatures
96

than

where

cyanate

ester
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curing by cyclotrimerization occurs. In contrast to 1, 3-cyanopropylheptacyclopentyl(T8)POSS, (C5H9)7(SiO1.5)8CH2CH2CH2CN, 2, has a low solubility in PT-15
and does not react with the resin below or at the cure temperature. Thus, phase
separated aggregates of 2 are found in samples containing from 1 to 10 wt% of 2.
Nevertheless, the Tg and E’ values (T > 285 °C) of these composites increase
regularly with an increase in 2.
Introduction
Hybrid organic polymer–inorganic nanocomposites have generated intense
recent interest [1-26]. Inorganic nanophases include nanoclays [27-32], carbon
nanotubes [33-36], vapor grown carbon fibers [37-43], inorganic nanofibers [44-45]
and polyhedral oligomeric silsesquioxanes [19-26,46]. Silsesquioxanes are structures
exhibiting the formula (RSiO1.5)n, where R is hydrogen or any functionalized or
unfunctionalized alkyl, alkylene, aryl, or arylene groups. Silsesquioxanes are known
to form ladder [47-49], cage [47,50-52], partial cage [53] or polymer structures
[26,54]. The polyhedral oligomeric silsesquioxanes (POSS) offer a chance to prepare
hybrid organic-inorganic materials with molecularly dispersed inorganic structural
units in the nanocomposites. POSS compounds have cage structures with the
empirical formulas (RSiO1.5)8, 10 or 12, referred to as T8, T10 and T12 cages, respectively.
Each cage silicon is bonded to three oxygens and to a single R substituent. Both
organic (cyclohexyl; phenyl etc) or inorganic organic hybrid (e.g. –OSiMe2OPh)
substituents exist. Partially closed cage structures are also known. POSS compounds,
with diameters of from 1 to 3 nm, can be thought of as smallest possible particles of
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silica, but unlike silica, silicones or fillers, POSS molecules contain either
functionalized or unfunctionalized substituents at each of the corner silicon atoms.
These substituents can compatiblize POSS molecules with polymers or monomers.
Reactive POSS derivatives are available for polymerization or grafting [1926,46,55-58]. Hence, POSS cages can be incorporated into common plastics via
copolymerization [57,59-61], grafting [57,62] or blending [57,62-63]. New hybrid
inorganic-organic thermoset [46,64-70] and thermoplastic materials [22,26,60-63,7172] can be prepared. These hybrids can exhibit dramatic improvements in polymer
properties such as higher use temperatures [73-74], oxidation resistance [62] surface
hardening [62] and mechanical property modifications [75-76]. Furthermore,
reductions in flammability [77], heat evolution [78] and processing viscosity [79]
have been reported. Many thermoplastic and thermoset systems, including
methacrylates [80], styrenes [81], norbornenes [82], ethylenes [83], epoxies [84] and
siloxanes [61], have been improved.
In this paper, octaaminophenyl(T8)POSS, 1, was incorporated into the PT-15
cyanate ester (Lonza Corp.) resin and cured thermally to form nanocomposites, where
1 is distributed at the molecular level. The morphology and viscoelactic properties of
these composites were determined by X-ray diffraction (XRD), transmission election
microscopy (TEM), and dynamic mechanical thermal analysis (DMTA). Chemical
incorporation was studied by extraction and FT-IR analyses. Cyanate ester/ 3cyanopropylheptacyclopentyl(T8)POSS, 2 composites were also prepared to generate
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composites where aggregates and particles of 2 were present. The structure and
properties of these composites were also characterized.
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Experimental
Materials
The phenolic-derived low viscosity cyanate ester resin, PT-15, used in this
work was supplied by Lonza Inc. PT-15 is a multifunctional, low viscosity (35 cps at
80 °C) liquid cyanate ester resin. This cyanate ester blend is derived from a
bisphenol-F mixture, which also contains some larger oligomers, where all the
phenolic hydroxyls were converted to –OCN functions by ClCN. PT-15 may be cured
via a thermally driven cyclotrimerization to form triazine rings, each of which serves
as a crosslinking site. This reaction takes place readily in the absence of catalyst at
temperatures above 165 °C, allowing a large processing window for blending the
resin with other components at the temperatures from 100 – 130 °C, where the
viscosity is very low.
The

multifunctional

monomer

octaaminophenyl(T8)POSS,

(C6H4NH2)8(SiO1.5)8 (Mw: 1153.63 g/mol), 1, was prepared in our laboratory by H.-S.
Cho by nitrating octaphenyl(T8)POSS to the octanitro derivative, followed by
reduction to POSS-1 in dry formic acid/triethyl amine [85]. It is essential that all
water be removed from the HCOOH/Et3N solution when following Laine’s procedure
in this synthesis. The amino group’s positional distribution is ~ 80% meta, 15% para
and 5% (max.) ortho, consistant with the electron withdrawing nature of the Si8O12
cage substituent. The structure was confirmed by 1H, 13C and 28Si NMR spectroscopy
[85].

Monofunctional

3-cyanopropylheptacyclopentyl(T8)POSS,
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(C5H9)7(SiO1.5)8CH2CH2CH2CN (Mw: 968.66 g/mol), 2, was purchased from
HybridTM Plastics Co.
Preparation of Composites
PT-15/1 composites (compositions of 99/1, 97/3 and 95/5 (wt/wt)), were made
by a solution blending process. POSS-1 was dissolved in tetrahydrofuran (THF),
giving a transparent solution (0.5g/mL). Then the liquid cyanate ester components
were also dissolved into this THF solution. The resulting solution was put in a
vacuum oven (300-350 mmHg) at 50 °C for 16 h to remove THF. The resulting
cyanate ester/POSS-1 blends were transparent in each case. These liquid blends were
cured in an oven. The cure protocol was: (1) heat to 188 °C and hold for 120 min, (2)
then the temperature was ramped to 250 °C at 5 °C/min and then (3) the samples were
held at 250 °C for 180 min. Periodic examination showed the samples remained
transparent at all stages during the cure and they remained transparent after being
cured and postcured.
PT-15/POSS-2 composites were prepared by a direct blending process
followed by a thermal cure cycle. PT-15 (9.9, 9.7, 9.5, or 9.0g, respectively) was
heated to 120 °C (η = 8 cps) and held for 10 min while stirring magnetically. Then, 2
(0.1, 0.3, 0.5, or 1.0g respectively) was added as a fine powder into the liquid resin.
These mixtures (total weight 10g) were magnetically stirred at 120 °C for 45 min,
during which time no viscosity increase occurred. In each case, 2 appeared not to
completely dissolve into the liquid cyanate ester resin. Some 2 was suspended in
liquid resin. These suspensions were translucent. Solution methods were also tried.
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Dissolving 2 and PT-15 in THF followed by evaporating the THF resulted in similar
suspensions of 2 in resin. These mixtures were placed into a mold without degassing
and each sample was cured in an oven. The cure temperature/time protocol was
identical to that used for the PT-15/1 systems: The solubility of 2 at higher
temperatures in PT-15 is unknown, but the systems remained translucent throughout
the cure. Each sample was finally postcured at 300 °C for 30 min. The PT-15/POSS-2
99/1 and 97/3 composites were translucent, while 95/5 and 90/10 composites were
opaque.
Measurements
X-ray Diffraction (XRD) measurements were performed to examine potential
POSS alteration of solid state polymer microstructure in the POSS-1 composites.
XRD can probe ordered POSS aggregates formed by phase separation. Samples were
examined using a Philips XPERT model x-ray diffractometer. Philips Analytical
software and CuKa radiation (40 kV, 45mA) were employed. Scans were taken over
the 2θ range of 1-30° with a step size of 0.03° at 1 sec per step.
Transmission electron microscopy (TEM) was used to characterize phaseseparation in these cyanate ester resin/POSS composites. A JEOL JEM-100 CXII
transmission electron microscope (JEOL USA Inc.) was used to characterize the
phase morphology in the POSS-1 nanocomposites. Samples were ultramicrotomed to
~70-90 nm thickness and mounted on carbon-coated Cu TEM grids.
The dynamic storage moduli E' and loss factors (tan δ) were determined in the
bending mode versus temperature using a Rheometrics Scientific Model MK III
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DMTA instrument. A dual-level bending mode was employed. Small amplitude
bending oscillations (both 1 and 10 Hz) were used at a gap setting of 8.00 mm. All
measurements were carried out from 35 to 350 °C. Test samples were approximately
3.0-4.0 mm thick, 4.5-5.5 wide and 38 mm long.
The composite densities were measured using an Electronic Densimeter (ED120T) at 25 °C.
Specimens (~1.0g) of every composite were immersed into a large excess of
THF at room temperature for 3 months to see if any POSS could be extracted by
THF. Extraction of 1 or 2 would indicate the extracted POSS was not chemically
bonded into the resin matrix. Concentrated residue/THF solutions were coated onto
KBr plates and THF was removed. IR spectra were obtained on an FT-IR instrument
(MIDAC Corporation). Residues were weighed after removal of THF.
Results and Discussion
Thermal curing of PT-15 resin generates solid, crosslinked resins via
cyclotrimerization of the OCN functions. This process forms trisubstituted triazine
rings. The triazine rings serve as thermally stable crosslinking hubs throughout the
resin. Amine groups can add across the cyanate ester function upon mild heating or in
the presence of base catalysts [86]. This addition product is primarily of importance
as a catalytic intermediate in triazine ring formation [87-88]. Thus, the amino groups
on 1 react easily by adding across the CN triple bond of the cyanate ester groups of
PT-15 [87] (Figure 3.1). This causes macromer 1 to react with cyanate ester monomer
at temperatures far below the temperatures at which cyanate ester resins cure.
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Therefore, 1 dissolves into, and reacts with, the liquid PT-15. At 188 to 250 °C, the
PT-15 cures, incorporating 1 molecularly throughout the resin. The initial amino
group addition to –OCN functions generates RNHC(=NH)OR groups. However the
fate of these functions during the subsequent 188 – 250 °C cure or 300 °C postcure is
unknown. The idealized final resin structure is shown in Scheme 3.1. The structure
shown for the resin is idealized since the fate of the RNHC(=NH)OR functions at
high temperature is not known.
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Macromer 2 was selected, hoping that its single nitrile function would enter
into the cyanate ester cyclotrimerizations at higher temperatures so that this nitrile
would become a portion of the triazine rings. This would generate a crosslinked
cyanate ester resin with the POSS cages pendent along the network. Unlike 1, the
POSS-2 cage would not constitute a crosslink center. However, separate phases were
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observed in each PT-15/2 composite, so most of the blend 2 was not part of the
network chemical structure.
Morphology of the Nanocomposites
POSS-1 was completely dissolved in tetrahydrofuran(THF), giving a
transparent solution. After removal of THF and curing, PT-15/POSS-1 composites
remained transparent.
Figure 3.2 displays the wide-angle X-ray diffraction (WAXD) patterns for the
cured PT-15 and the PT-15/1 composites with compositions (wt%/wt%) of 99/1,
97/3, 95/5. For comparison, the diffraction pattern of solid 1 is also shown. POSS-1 is
a complex isomer mixture with ~ 80% meta-amino groups, ~ 15% or more paraamino groups and ~ 5% other amino groups. Therefore, sharp narrow peaks were not
observed for solid 1. There is an amorphous peak at ~ 7.8° in the diffraction pattern of
1. However, this amorphous peak is absent from in all the diffraction patterns of the
PT-15/1 composites. The weak amorphous peak at 19.0° in diffraction pattern of 1 is
close to the amorphous peak at 19.5° of the neat PT-15, but the intensity in this region
does not change as the 1 content increases. The amorphous peak at 19.5° in all the
cyanate ester/1 composites is a contribution from PT-15. This implies that 1 is
dispersed into PT-15 network as unassociated and compatible POSS units. Moreover,
extraction data indicates that 1 is chemically bonded into the cyanate ester network.

Intensity (a.u.)
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Figure 3.2

X-ray diffraction patterns of neat cured PT-15 cyanate ester resin, the
PT-15/POSS-1 composites and the as-received POSS-1 monomer.

TEM micrographs of both PT-15/POSS-1 99/1 and 95/5 composites yield no
clear-cut evidence for the presence of POSS-1 aggregates. No POSS-1 particles were
observed by TEM. This is consistant with the interpretation that POSS-1 has been
molecularly dispersed within the matrix. The TEM observations agree with XRD
studies which show that the broad peak of POSS-1 at ~ 7.8º disappears in all the
diffraction patterns of the PT-15/POSS-1 composites (Figure 3.1).
POSS-2 was not very soluble in PT-15 at 120 °C. When these two
components are dissolved into a THF solution, removal of the THF results in some
phase separation of 2 into small particles in the resin. Figure 3.3 displays the wideangle X-ray diffraction (WAXD) patterns for the cured PT-15 and the PT-15/POSS-2
composites with compositions (wt%/wt%) of 99/1, 97/3, 95/5 and 90/10. Crystalline
features characteristic of pure POSS-2 and the amorphous features characteristic of
PT-15 are observed. A crystalline peak at ~ 8.2° (equivalent to an interplanar spacing
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of 1.08nm) of 2 is present in each composite. Furthermore, peaks at 11.0° (0.8nm)
and 19.1° (0.47nm) are evident in the composites with 3, 5 and 10wt% 2 content. The

Intensity (a.u.)

intensity of these crystalline peaks increases as the loading of 2 increases.
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Figure 3.3

X-ray diffraction patterns of neat cured PT-15 resin, its PT-15/POSS-2
composites and as-received POSS-2 monomer.

Confocal micrographs are shown in Figure 3.4 where particles of 2 are
dispersed in the resin matrix. Some particles were about one hundred micrometers in
diameter. TEM micrographs of both the 1 and 5wt% 2 composites revealed the
presence of both spherical and irregularly shaped particles. Particles from 25 nm to
the micron range in diameter were seen in both samples. The 1wt% 2 sample had
numerous particles in the 25 –135 nm diameter (Figure 3.5) while the average size of
these small particles increased for the 5wt% sample. These average sizes continued to
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increase in the samples with 10wt% 2 (Figure 3.6). Close examination of particles in
the 200 – 400 nm diameter range showed complex patterns of different contrast,
suggesting some resin incorporation into aggregates of smaller particles to form these
features.

20 µm

100 µm
Figure 3.4

20 µm

100 µm

Confocal optical micrographs of PT-15/POSS-2 99/1 composite.
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200nm
Figure 3.5

TEM micrographs of PT-15/POSS-2 99/1 composite.

200nm
Figure 3.6

200nm

200nm

TEM micrographs of PT-15/POSS-2 90/10 composite.

Viscoelastic Properties of Cyanate Ester Resin/1 Nanocomposites
The bending storage moduli, E’, versus temperature curves obtained at 1 Hz
are displayed in Figure 3.7 for the neat PT-15 resin and the 1, 3 and 5wt%
octaaminophenyl(T8)POSS 1 nanocomposites. The E’ values of the 99/1 and 97/3
composites are higher than those of the neat PT-15 over the entire temperature range.
In contrast, the 5wt% 1 composite displays lower E’ values at 40 °C than that of neat
PT-15 (E’ = 1.50GPa (PT-15), 1.61GPa (1wt% 1), 2.12GPa (3wt% 1) and 1.41GPa
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(5wt% 1) at 40 °C). The E’ values of 5wt% POSS-1 are higher than that of neat PT15 at temperatures above 320 °C. The E’ values of neat PT-15, and the 99/1, 97/3 and
95/5 nanocomposites at 350 °C (>Tg) are 86.8GPa, 197.5GPa, 144.8GPa and
118.4GPa, respectively.
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Figure 3.7

Bending storage moduli (E’) versus temperature curves obtained at
1Hz (from DMTA) for cured PT-15 and PT-15/POSS-1 composites
(First heating cycle).

The bending tanδ (1Hz) peak intensities dropped and the peaks broadened in
the first heating cycle as POSS-1 loading increased (Figure 3.8). The Tg values (tanδ
peak temperatures) were 305, 336, 300 and 258 °C, for the neat PT-15 resin and the
1, 3 and 5wt% 1 composites, respectively. The Tg decreases as the 1 content is raised
above 1wt%.
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Bending tanδ versus temperature curves obtained at 1Hz (from
DMTA) for cured PT-15 and PT-15/POSS-1 composites (First heating
cycle).

The effect of thermal history on the viscoelastic response of the 5wt% POSS-1
composite is shown in Figure 3.9. The E’ values increase more upon its second
heating cycle than that upon its third heating cycle across the entire 35 °C to 370 °C
range. The Tg values of the 5wt% POSS-1 composite change little (258, 263 and 261
°C in the 1st, 2nd and 3rd cycles). The bending tanδ peaks broadened and their peak
intensities weakened during the second and third heating.
There are eight amino functional substituents on POSS-1, which can react
with the cyanate ester functions of the liquid PT-15 resin. This might generate higher
network crosslink densities around POSS-1 moieties raising the E’ and Tg values of
the 99/1 composite above those of neat PT-15 resin. The reaction of the amino groups
of 1 with the cyanate ester functions is fast. PT-15/POSS-1 mixtures, obtained after
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the removal of THF from PT-15/1 solutions, precured at room temperature and
become solids. This precuring reaction might cause some changes in the formation of
PT-15 network during subsequent high temperature curing. The two network
structures cannot be the same. As the stochiometry of 1 increases from 1 to 5wt% (~
0.28 to 1.42 mol%), the amine to cyanate ester functional group ratio is increasing
from ~ 0.0090 to 0.0461. This will change overall distribution of curing reactions,
lowering both the stochiometric and volume fraction of triazine rings formed. These
changes will influence both E’ and Tg values obtained with a given curing protocol.
Addition of the arylamine function of 1 across the cyanate ester generates the Ar'NH-C(OAR)=NH functional group. The reaction pathways of this new function (and
its kinetics relative to the cyanate ester function) during subsequent high temperature
curing are unknown.
The tanδ peaks broaden during the second and third heatings of the pure
cyanate ester (Figure 3.10), but the Tg remains almost the same. Thus, some
reorganization and repacking of PT-15 segments occur as curing continues to
advance.
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Bending storage modulus (E’) and tanδ versus temperature curves at
1Hz (from DMTA) for the PT-15/POSS-1 95/5 composite for three
successive heating cycles.
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Viscoelastic Properties of Cyanate Ester Resin/2 Composites
The E’ values of all PT-15 /2 composites are higher than those of the neat
cyanate ester resin at all temperatures with the exception of the PT-15/2 95/5 and
90/10 composites in the first heating cycle at temperatures between 197 °C to 260 °C
(Figure 3.11). In the glassy region (T<Tg), the E’ values of these composites are
above those of the neat PT-15 resin. For example, the E’ values of neat PT-15 resin
and the composites with 1, 3, 5 and 10wt% of 2 (Table 3.1) are 1.50, 1.96, 2.01, 1.85
and 1.66GPa, respectively at 40 °C. The E’ values increase regularly with an increase
in wt% 2 at temperatures > 285 °C. For example, at 350 °C, E’ = 86.8, 139.2, 142.9,
184.4 and 209.4MPa, respectively, for the pure cyanate ester and the samples
containing 1, 3, 5 and 10 wt% of 2. The E’ value of the 90/10 composite is about 2.5
times greater than that of the neat PT-15 resin. The incorporation of 2 improves the
mechanical properties above their Tgs, raising the heat distortion temperature. These
improvements increase as the content of 2 increases.
The glass transition temperatures, defined as the temperature at the peak
maximum of the high temperature α peak in the bending tanδ curves, increased with
an increase in the amount of 2. These Tg values were 305, 323, 320, 331 and 333 °C,
respectively, for the neat PT-15 resin and the 1, 3, 5 and 10 wt% 2 composites. Tanδ
peak intensities decreased as the wt% of 2 increased.
The effect of thermal history on viscoelastic properties of the 5wt% 2
composite was studied through three heating cycles (Figure 3.12). The sharp decrease
of E’ at about 230 °C in the glass plateau, present in the first heating cycle,
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disappeared in the second cycle. E’ values increased over the entire 35 –370 °C range
in the second and third cycles. Furthermore, the tanδ peaks broadened and their
intensities decreased in the second and third cycles.

9.4
9.2

Log E' (Pa)

9
8.8

0%

8.6

1%
3%

8.4

5%

8.2

10%

8
7.8
0

100

200

300

400

Temperature (oC)

Figure 3.11

Bending storage modulus (E’) versus temperature curves at 1Hz (from
DMTA) for PT-15/POSS-2 composites (First heating cycle).

117
0.3
9.4

Log E' (Pa)

E' first heating

9

0.2

E' second heating

8.8

E' third heating

8.6

tanδ first heating

0.15
0.1

tanδ second heating

8.4

tanδ third heating

0.05

8.2
8
0

100

Bending tanδ

0.25

9.2

200

300

0
400

Temperature (oC)

Figure 3.12

Bending storage modulus (E’) and tanδ versus temperature curves at
1Hz (from DMTA) for the PT-15/POSS-2 95/5 composite in three
different heating cycles.
Densities, Solvent Extraction and IR Data

The densities of the POSS-1 nanocomposites decrease below those of the PT15 resin as the loading of 1 goes up (Table 3.1). The POSS-1 composites might
contain more free volume than neat PT-15 due to changes in the extent of cure or due
to resin packing around the units of 1 in the matrix. More segmental motion is
allowed in PT-15/1 than in the pure PT-15 sample after curing in the first DMTA
heating cycle.
All samples were immersed in THF to dissolve and extract oligomeric and
linear polymeric components over a period of 3 months. None of the samples swelled.
The extracted residues were isolated by solvent removal and weighed. Only very

118
small amounts of PT-15 cyanate ester oligomers (0.29 to 0.35 wt%) were extracted
(Table 3.1).
No 1 was detected in these residues or in residues isolated by extracting
powdered samples of each of the PT-15/1 composites with refluxing THF. The FT-IR
spectra of 1 has strong SiO cage absorption at 1080-1105 cm-1 and a –C≡N stretch at
2338 cm-1. These bands were not present in the extracted residues. All of the 1
present was chemically bonded into the PT-15 network. This agrees with the high
reactivity of the amino groups of 1 with R-OC≡N functions and the complete
dispersion of 1 suggested by XRD and TEM studies.
The densities of PT-15/POSS-2 (1, 3, 5 and 10wt%) composites are all very
similar and slightly higher than that of the neat PT-15 resin (Table 3.1), in contrast to
the densities of the PT-15/1 nanocomposites. In the first DMTA heating cycle, PT15/2 systems exhibit less segmental motion than the PT-15/1 composites after curing.
Small amounts of THF extracted residues were isolated from the PT-15/2
composites by solvent removal and weighed (Table 3.1).
FT-IR spectra were obtained on all THF-extracted crosslinked samples (THFinsoluble) and on the residues which had been extracted (THF-soluble). The cured
neat PT-15 exhibited its strongest absorption around 1365cm-1 and a strong 1565cm-1
absorption due to the tri-oxygen-substituted triazine rings [87]. The cyano group
stretching frequency was at 2360 cm-1 for pure 2. The strongest -Si-O- absorption for
pure 2 appeared at 1088cm-1. This band was shifted to 1107 cm-1 in the PT-15/2
composites. The weight percentages of the materials extracted are given in Table 3.1

119
for each sample. IR spectra of the soluble residues confirmed that pure 2 was
extracted from the PT-15/2 composites. In each case between 54 - 65% of the 2,
originally blended, was removed. The remaining unextracted POSS may have been
modified during the 300 °C postcure.
The intensity ratio of the 1107 cm-1 (Si-O) absorption to that at 1365cm-1
(cyanurate) can be use to follow incorporation of 2 into the cured composites. These
ratios, obtained from the THF-insoluble portion, increased with an increase in the
content of 2 (Table 3.1): 0.49 (1wt% 2), 0.58 (3wt% 2), 0.80 (5wt% 2) and 0.86
(10wt% 2). However, these ratios were lower than those of the POSS-2 composites
(before THF extraction) which were: 0.62 (1wt% 2), 0.72 (3wt% 2), 0.85 (5wt% 2)
and 1.18 (10wt% 2). For the 10wt% sample, the 1107cm-1 to 1365cm-1 intensity ratios
dropped from 1.18 to 0.86 after THF extraction (almost equal to the number of that
for 5w% sample before THF extraction). This suggests almost 50wt% of the 2 present
was extracted by THF from the 10wt% sample. This agrees with the 5.38wt% loss on
extraction.
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Table 3.1
Bending storage moduli (E’), Tg values, densities and extraction
percentages of neat PT-15 resin and PT-15/POSS-1 and PT-15/POSS2 composites
Sample
Tga
E’ at 40° E’ at 350° Ca Density Extracted
(wt/wt
Ca
ρ
Weight
composition)
(°C)
(MPa)
(g/cm3) Percent (%)
(GPa)
PT-15
305 (303) 1.50 (2.12) 86.8 (121.9) 1.279
0.30
PT-15/POSS-1 336 (342) 1.61 (2.43) 197.5 (229.6) 1.279
0.29
99/1
PT-15/POSS-1 300 (294) 2.12 (2.69) 144.8 (171.3) 1.275
0.35
97/3
PT-15/POSS-1 258 (261) 1.41 (2.25) 118.4 (143.6) 1.267
0.32
95/5
PT-15/POSS-2 323 (328) 1.96 (2.63) 139.2 (185.3) 1.283
0.65b
99/1
PT-15/POSS-2 320 (329) 2.01 (2.68) 142.9 (203.5) 1.282
1.86b
97/3
PT-15/POSS-2 331 (349) 1.85 (2.62) 184.4 (254.6) 1.283
3.01b
95/5
PT-15/POSS-2 333 (352) 1.66 (2.51) 209.4 (269.5) 1.282
5.38b
90/10
a
Values from the first heating cycle and third heating cycle (in parentheses) are
given.
b
The IR spectra of the extracted material was identical to 2 confirming unreacted 2
was extracted. In every case between 54 and 65% of the 2 originally added to the
composite was extracted.
Conclusions
Multifunctional octaaminophenyl(T8)POSS, 1, was incorporated into the PT15 cyanate ester resin network by thermal (250 °C) curing. The amino functions of 1
reacted rapidly with cyanate ester functions prior to high temperature curing. The
tanδ peak intensities of the PT-15/1 resins (first heating cycle) were lowered and their
widths were broadened by incorporation of 1. The Tg values of PT-15/1 composites
first increase with 1wt% of 1, and then decrease as the content 1 increases. The E’
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values continue to increase during the second and third heating cycles for the 5wt% 1
nanocomposites. Also, the bending tanδ peaks broadened and their peak intensities
weakened in the glass transition region during the second and third heating.
XRD, TEM, extraction and IR data all indicate that 1 is totally dispersed and
chemically bonded into the continuous matrix phase on a molecular scale in all
samples.
In contrast to 1, the monofunctional nitrile POSS, 2, did not chemically react
with the cyanate ester at lower temperature. Thus, substantial phase separation into
both nanometer- and micron-sized particles occurred during curing. Only a small
fraction of 2 is molecularly dispersed. At 250 and 300 °C some reaction of 2 with the
resin may occur allowing surface molecules of 2 to bind to the resin and some other
self reactions of the cages of 2 may occur during the 300 °C postcure, making it
impossible to extract all of the 2 originally blended.
Increasing the wt% of 2 in the composites progressively raises the Tg values
and the E’ values of 2. Thus, both types of POSS additives can improve the high
temperature mechanical properties of cyanate ester resins despite their very different
degrees of dispersion.
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CHAPTER IV
CYANATE ESTER/TRISILANOLPHENYL-POSS
NANOCOMPOSITES: SYNTHESIS AND
CHARACTERIZATION
Cyanate ester (PT-15, Lonza Corp) composites containing the blended
polyhedral

oligomeric

silsesquioxane

(POSS),

TriSilanolPhenyl-POSS

(C42H38O12Si7), were prepared containing PT-15/POSS 99/1, 97/3, 95/5, 90/10 and
85/15 w/w ratios. The composites were characterized by FT-IR, X-ray diffraction
(XRD), small-angle neutron scattering (SANS), scanning electron microscopy
(SEM), X-ray energy dispersive spectroscopy (X-EDS), transmission electron
microscopy (TEM), dynamic mechanical thermal analysis (DMTA) and three-point
bending flexural tests. TriSilanolPhenyl-POSS was throughly dispersed into uncured
liquid PT-15 resin. After curing, XRD, SANS and X-EDS measurements were
consistent with partial molecular dispersion of a portion of the POSS units in the
continuous matrix phase while the remainder forms POSS aggregates. Larger
aggregates are formed at higher loadings. SANS, SEM and TEM show that POSS–
enriched nanoparticles are present in the PT-15/POSS composites. The storage
bending moduli, E', and the glass transition temperatures, Tg, of PT-15/POSS 99/1,
128
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97/3 and 95/5 composites are higher than those of the pure PT-15 over the
temperature range from 35 – 350 °C. The E' values for all these composites (except
for the 15 wt% POSS sample) are significantly greater than that of the pure resin at T
> Tg. Therefore, small amounts (≤ 5 wt%) of TriSilanolPhenyl-POSS incorporated
into cyanate ester resin PT-15 can improve the storage modulus and the high
temperature properties of these cyanate ester composites versus the pure PT-15 resin.
The flexural strength and flexural modulus is also raised by POSS incorporation.
Introduction
The development of hybrid organic polymer–inorganic nanocomposites with a variety
of new and improved properties has attracted much research interest in the past few
years [1-26]. The inorganic nanophases being studied include nanoclays [27-32],
carbon nanotubes [33-36], vapor grown carbon nanofibers [37-43], various inorganic
nanofibers

[44-45]

and

polyhedral

oligomeric

silsesquioxanes

[19-26,46].

Silsesquioxane is the term for all structures with the formula (RSiO1.5)n, where R is
hydrogen or any alkyl, alkylene, aryl, arylene, or organofunctional derivative of alkyl,
alkylene, aryl, or arylene groups. Silsesquioxanes may form ladder [47-49], cage
[47,50-52], partial cage [53] and polymer structures [26,54]. Among various types of
silsesquioxanes, polyhedral oligomeric silsesquioxanes (POSS) reagents offer a
unique opportunity for preparing hybrid organic-inorganic materials with the
inorganic structural units truly molecularly dispersed within the nanocomposites.
Typical POSS cages have the empirical formulas (RSiO1.5)8, 10 or 12.These are referred
to as T8, T10 and T12 cages, respectively. Each cage silicon atom is attached to a single
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R substituent and these substituents can be organic (cyclohexyl; phenyl etc) or
inorganic organic hybrids (e.g. –OSiMe2OPh). Incompletely closed cage structures
are also possible. Two sample POSS structures, both a T8 cage and an incompletely
closed cage molecule 1 are shown below. POSS nano-structured chemicals, with sizes
from 1 to 3 nm in diameter, can be thought of as smallest possible particles of silica.
However, unlike silica, silicones or fillers, each POSS molecule contains either nonreactive or reactive organic substituents at the corner silicon atoms. These organic
substituents can make these POSS molecules compatible with polymers or
monomers.
R
O Si
R
O
Si
O
R
O
O Si
R

Si

O

Si

R

Si O O
R
O
Si
R
O
O
O Si R

T8 POSS cage

R
O Si
R
O
Si
O
R
O
O Si
R

Si

OH
Si

O
O Si

O

OH
R OH
Si
O
R

R

1 (R = Phenyl)
Partial T8 cage with one corner Si missing (C42H38O12Si7)

POSS derivatives are now available with reactive functionalities suitable for
polymerization or grafting [19-26,46,55-58]. Hence, POSS nano-structured chemicals
can be incorporated into common plastics via copolymerization [57,59-60], grafting
[57,62], or blending [57,62-63], thereby offering a special opportunity for the
preparation of new thermoset [46,64-70] and thermoplastic materials [22,26,6063,71-72]. The incorporation of POSS derivatives into polymeric materials can lead
to substantial improvements in polymer properties including increases in use
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temperature [73-74], oxidation resistance [62], surface hardening [62] and mechanical
properties [75-76], as well as reductions in flammability [77], heat evolution [78] and
viscosity [79] during processing. These improvements have been shown to apply to a
wide range of thermoplastics and thermoset systems, i.e. methacrylates [80], styrenes
[81], norbornenes [82], ethylenes [83], epoxies [84] and siloxanes [61], etc.
Cyanate esters are currently in widespread use because of their high thermal
stability, excellent mechanical properties, flame resistance, low outgassing, and
radiation resistance [85-91]. Applications of cyanate ester include structural
aerospace,

electronic,

microwave-transparent

composites,

encapsulants

and

adhesives. Cyanate ester resins are superior to conventional epoxy, polyimide and
BMI resins. For example, the moisture absorption rate of cyanate esters is lower than
epoxy, polyimide and BMI resins. High glass transition temperatures (>250 ºC) of
cyanate esters fill a temperature regime intermediate between that of epoxy resins and
the hazardous/difficult to handle polyimide or BMI resins. Cyanate ester resins are
easy to process in a manner similar to epoxy resins. Cyanate esters undergo thermal
or catalytic cyclotrimerization to form triazine rings during curing. We are studying
cyanate esters as precursors to carbon-carbon materials because they may be cured
without outgassing and they form dense thermally stable resins. However, cyanate
esters tend to be brittle and have reduced impact resistance like most highly
crosslinked thermosets.
The objective of this work is to incorporate nano-sized silica phases into
carbon-carbon materials. First, the nature of the dispersion after curing the resin needs
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to be understood. Can such nanodispersed phases be maintained upon pyrolysis of the
cured cyanate ester resin/carbon cloth composite and the subsequent densification
processes? If nanodispersed phases occur, as envisioned, will they function to form
O2 diffusion barriers and to serve as char-forming nuclei? The specific POSS
compound, TrisilanolPhenyl-POSS, 1, is used as the nanophase in this work. Will
incorporating this nanophase improve some of the properties of the original cyanate
ester resin matrix? Can molecular level dispersions of 1 within the cured cyanate ester
resin be achieved or will aggregation/phase separation occur? If molecular level
dispersion of 1 is achieved within the cured resin, this may lead to carbon-carbon
composites with different properties than if phase-separated aggregates form. When
POSS chemicals are blended with liquid resins they may or may not be able to
dissolve in the resin. Even when they are soluble, they may phase separate to varying
degrees during resin curing as the entropy of mixing decreases.
This paper reports the blending of TriSilanolPhenyl-POSS, 1, into cyanate
ester resin (PT-15, Lonza Corp.), followed by thermal curing to determine the nature
of cyanate ester/nanocomposites formed. POSS-1 was selected because the three
hydroxyl groups might aid solubility into PT-15 and we thought they might react with
cyanate ester functions at high temperatures to aid dispersion [92-93]. Cyanate ester/1
composites with compositions (wt/wt) of 99/1, 97/3, 95/5, 90/10 and 85/15 were
made and examined to determine the extent of phase separation of POSS into particle
aggregates versus the extent of compatible molecular dispersion. The effect of
introducing POSS 1 into this cyanate ester polymer system on dynamic mechanical
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properties and the thermal dimensional stability was also evaluated. Further work is
underway to study these PT-15/1 systems as the bonding matrix for carbon carbon
composite materials.
Experimental
Materials
The phenolic-derived cyanate ester resin, PT-15, used in this work was
supplied by Lonza Inc. PT-15 is composed of cyanate esters derived from a
bisphenol-F mixture of 2 – 4 with some larger molecules such as 5 included. Excess
ClCN or BrCN converted all phenolic hydroxyls to OCN functions in this bisphenolF phenolic precursor mixture. The PT-15 monomer mixture, represented by the single
generalized structure 6, is a multifunctional, low viscosity (35 cps at 80 °C) liquid
cyanate ester resin. PT-15 is cured via a thermally driven cyclotrimerization to form
triazine rings, each of which serves as a crosslinking site. This reaction can take place
readily in the absence of catalyst at temperatures above 165 °C.
HO

CH 2

CH2

CH2

HO
OH

HO

OH

2
(small amount)

OH

3
(larger amount)

4
(larger amount)

OCN

OH

OH

CH2

OCN
CH2

CH2

CH2

n

n

5

OCN

OH

6

134
Multifunctional POSS, TriSilanolPhenyl-POSS, 1 (C42H38O12Si7, MW=931.34
g/mol), with three SiOH groups, was purchased from Hybrid Plastics Inc.
Preparation of Composites
PT-15/POSS composites were prepared by a direct blending process. PT-15
(9.9, 9.7, 9.5, 9.0 or 8.5g, respectively) was heated to 120 °C (η = 8 cps) and held for
10 min while stirring magnetically. Then, TriSilanolPhenyl-POSS 1 (0.1, 0.3, 0.5, 1.0
or 1.5g, respectively) was added as a powder into the low viscosity liquid resin. These
mixtures (total weight 10g) were magnetically stirred for 50 min during which time
no viscosity increase occurred. POSS 1 appeared to completely dissolve in each case
into the clear, transparent PT-15 liquid. These solutions were placed into a mold
without degassing and each sample was oven cured. The cure protocol was: heat to
188 °C and hold for 120 min, then the temperature were ramped to 250 °C at 5
°C/min and held at 250 °C for 180 minutes. Each sample was then postcured at 300
°C for 30 min.
Measurements
The Fourier Transform Infrared Spectroscopy (FTIR) measurements were
conducted on MIDAC Co. instrument at room temperature with 4-cm-1 spectral
resolution by averaging 1024 scans. Cured samples were ground with KBr and
pressed into pellets for measurement. Granulated specimens (~ 1.0 g) of every
composite were immersed into a large excess of THF at room temperature for 6
months to see if any POSS could be extracted by THF. Soxhlet extraction for 24 hr in
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T H F w as als o p erf or m e d f or e a c h gr o u n d s a m p l e. E xtr a cti o n of 1 w o ul d i n di c at e t h at
t h e e xtr a ct e d P O S S w as n ot c h e mi c all y b o n d e d i nt o t h e r esi n m atri x. Aft er e xtr a cti o n,
t h e T H F s ol uti o ns w er e c o n c e ntr at e d, c o ate d o nt o K Br pl at es a n d T H F w as r e m o v e d
f or F T-I R a n al ysis of r esi d u e.
X-r a y Diffr a cti o n ( X R D) m e as ur e m e nts w er e p erf or m e d t o e x a mi n e p ot e nti al
P O S S alt er ati o n of s oli d st at e p ol y m er mi cr ostr u ct ur e i n t h e P T- 1 5/ 1 c o m p osit es a n d
t o s e e if or d er e d ( cr yst alli n e) P O S S 1 a g gr e g at es f or m b y p h as e s e p ar ati o n. S a m pl es
w er e e x a mi n e d usi n g a P hili ps X P E R T m o d el x-r a y diffr a ct o m et er. P hili ps A n al yti c al
s oft w ar e a n d C u K a r a di ati o n ( 4 0 k V, 4 5 m A) w er e e m pl o y e d. S c a ns w er e t a k e n o v er
t h e 2θ r a n g e of 1- 3 0° wit h a st e p si z e of 0. 0 3° at 1 s e c p er st e p.
S m all- A n gl e N e utr o n S c att eri n g ( S A N S) e x p eri m e nts w er e p erf or m e d at r o o m
t e m p er at ur e o v er t h e q r a n g e fr o m 0. 0 0 3 8 t o 0. 2 8 3 8 D

-1

usi n g t h e 3 0 m S A N S

i nstr u m e nt ( N G 7) at t h e N ati o n al I nstit ut e of St a n d ar ds a n d T e c h n ol o g y ( NI S T)
C e nt er f or N e utr o n R es e ar c h ( N C N R). T h e i n ci d e nt n e utr o n w a v el e n gt h w as λ = 6 Å
a n d t h e i nt e nsit y at t h e s a m pl e w as 1 7 6 7 9 c o u nts/s e c. T h e cr oss s e cti o n al ar e a of t h e
b e a m w as 5 0 m m × 5 0 m m a n d e ntir e cr oss s e cti o n of t h e b e a m p ass e d t hr o u g h t h e
s a m pl es. T h e s a m pl es ( 1 0 0 m m di a m et ers) w er e all s oli ds. T h e s c att er e d n e utr o n
i nt e nsiti es w er e c orr e ct e d f or b a c k gr o u n d t o yiel d t h e s c att er e d i nt e nsiti es, I( q), as a
f u n cti o n of t h e w a v e v e ct or, q, w h er e q = ( 4π /λ )si n(θ / 2) (θ is t h e s c att eri n g a n gl e).
I G O R s oft w ar e fr o m W a v e M etri cs w as e m pl o y e d f or S A N S d at a r e d u cti o n.
A J S M- 6 5 0 0 F fi el d e missi o n s c a n ni n g el e ctr o n mi cr os c o p e ( F E S E M) (J E O L
U S A I n c.) wit h a n att a c h e d X-r a y e n er g y di s p ersi v e s p e ctr o m et er ( X- E D S) w as us e d
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to obtain elemental compositions of the aggregated particles in PT-15/POSS
composites and to examine the fracture surfaces after three-point bending flexural
tests of neat PT-15 and PT-15/POSS composites. The samples for SEM were coated
with gold before SEM measurements. The electron beam spot size used in X-EDS is
about 5 nm in diameter.
Transmission electron microscopy (TEM) was used to identify and
characterize phase-separation of 1 in these composites. A JEOL JEM-2010 analytical
transmission electron microscope (JEOL USA Inc.), located at Texas A&M
University, operating at 200 KV with a measured point-to-point resolution of 0.23
nm, was used to characterize the phase morphology in the PT-15/POSS composites.
TEM samples were ultramicrotomed to ~60-80 nm thicknesses and mounted on
carbon coated Cu TEM grids. The JEM-2010 instrument was equipped with an
energy dispersive X-ray spectroscopy (X-EDS) system with an electron beam spot
size of ~2 nm.
The dynamic storage moduli E' and loss factors (tan δ) were determined in the
bending mode using a Rheometrics Scientific Model MK III DMTA instrument. A
dual-level bending mode was employed. Small amplitude bending oscillations (both 1
and 10 Hz) were used at a gap setting of 8.00 mm. Measurements were carried out
from 35 °C to 350 °C on each composite. PT-15/POSS test samples were
approximately 3.0-4.0 mm thick, 4.5-5.5 wide and 38 mm long.
Flexural strengths and flexural moduli were determined by three-point
bending according to ASTM D-790-92 using a Zwick materials testing machine
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(model 1435) on 38 mm (length) × 10 mm (width) × 3-4 mm (thick) specimens. The
flexural strength (FS) value was calculated at specimen failure according to Equation
(4-1):
FS =

3PL
2Wt 2

(4-1)

where P is the breaking force of the specimen, L the support span, W the width, and t
the thickness. The flexural modulus (FM) was calculated from the tangent to the
steepest initial straight-line portion of the load-deflection curve and using Equation
(4-2):
FM =

L3 M
4Wt 3

(4-2)

where L is the support span, M the tangent of the initial straight-line portion of the
load-deflection curve, W the width, and t the thickness.
Results and Discussion
Reaction of PT-15 and TriSilanolPhenyl-POSS
Thermal

curing

of

PT-15

generates

solid,

crosslinked

resins

via

cyclotrimerization of the OCN functions. This process forms trisubstituted triazine
rings. The triazine rings serve as thermally stable crosslinking hubs throughout the
resin. In the presence of 1, what reactions occur between cyanate esters and 1?
Cyanate esters form addition compounds with phenols, alcohols, amines and most
other labile hydrogen compounds upon heating or in the presence of base catalysts
[92]. Amine add across cyanate esters at room temperature [94], but phenol requires
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higher temperatures (100 °C) for rapid reaction [95]. These addition products are
known to be important catalytic intermediates during triazine ring formation [93].
Thus, the silanol hydroxyl groups of 1 can also add across the CN triple bond of the
cyanate ester groups of PT-15 [93] as shown in Figure 4.1 but they are less
nucleophilic than phenol and require a higher temperature.
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Crosslinked network formation through triazine ring formation
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FTIR confirmed a reaction proceeded during curing between the silanol
hydroxyl groups of 1 and OCN functions of PT-15. Figure 4.2 shows the FTIR
spectra for pure 1, neat cured PT-15 and its PT-15/1 (85/15 wt/wt) composite. POSS1 exhibits a very broad band centered at ~ 3248 cm-1, assigned to the stretching
vibration of the hydrogen–bonded hydroxyl groups (O3Si-OH) of 1. Aromatic C-H
stretching appears at ~ 3069 cm-1. A strong Si-O-Si symmetric stretching peak
appears at ~ 1100 cm-1 together with a sharp Si-O stretching vibration at ~ 1028 cm-1
for SiOH groups [96]. In the PT-15/1 (85/15 wt/wt) composite, the stretching of the
Si-OH groups is significantly decreased and the hydrogen–bonded hydroxyl group
stretching peaks became indiscernible. The Si-O-Si symmetric stretching peak at ~
1100 cm-1 was present. Moreover, a new N-H in-plane bending peak appeared at ~
1570 cm-1 [97]. This peak together with the tris-oxygen-substitued triazine ring
breathing vibration at ~ 1560 cm-1 both appear (Figure 4.3).
Figures 4.4 and 4.5 show FTIR spectra of neat PT-15 and a PT-15/1 (85/15
wt/wt) composite, respectively, after incremental stepwise curing at different
temperatures. The gradual disappearance of –OCN peaks at 2240 and 2270 cm-1 and
the appearances of absorptions at 1365 and 1565 cm-1 for triazine rings were
observed. The intensity ratio of OCN (IOCN, at 2240 and 2270 cm-1) to the phenyl ring
symmetric breathing vibration (Iphenyl, at 1500 cm-1) decreases more quickly for PT15/1 composite than that for pure PT-15 when held at 120 °C or 188 °C. The -OCN
functions in PT-15 can either cyclotrimerize to form triazine rings or react by adding
SiOH functional groups of 1 across the triple bond. Since phenyl rings do not
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participate in the reaction of triazine ring formation, the more rapid reduction of this
IOCN/Iphenyl ratio in the PT-15/1 solutions must result from the additional addition
reaction of SiOH across the –OCN functions. This addition is illustrated in Figure 4.1.
Further evidence for this reaction is the appearance of a hydrogen-bonded
imine stretching band in the FTIR spectra. Figure 4.6 shows FTIR spectra from 1630
to 1530 cm-1 of neat PT-15 and of the PT-15/1 composite after each was heated at 120
°C for 1 hr. A new absorption appeared at about 1595 cm-1 which is due to the
formation of the new C=N bonds by this SiOH addition in the PT-15/1 solution. The
absorption of iminocarbonate groups, (RO)2C=NH, usually appears at 1640 cm-1 [31].
However, the (≡SiO)(RO)C=NH functions generated at 120 °C in the liquid state
would be hydrogen-bonded to other C=NH functions or to other SiOH groups of 1
prior to extensive resin curing. This would shift this absorption to a lower frequency,
which we observe at 1595cm-1. This is similar to the 35cm-1 lowering of the IR
absorption of the C=N bond in -ArO(O=P)C=NH when it becomes hydrogen bonded
[98].
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FTIR spectra of TriSilanolPhenyl-POSS, 1, neat cured PT-15 and a
cured PT-(15/1 85/15) wt/wt composite.
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FTIR spectra of TriSilanolPhenyl-POSS, 1, neat cured PT-15 and its
PT-15/1 (85/15 wt/wt) composite from 1850 to 950 cm-1.
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FTIR spectra from 1630 to 1530 cm-1of neat PT-15 and its PT-15/1
(85/15 wt/wt) composite after holding both for 1 hr at 120 °C.

All samples were ground into powders and immersed in THF for 6 months to
dissolve and extract oligomeric and linear polymeric components and any unreacted
1. Each ground sample was also Soxhlet extracted for 24 hr in THF. 1 was not
detected in the residues isolated by extracting these powdered samples of the PT-15/1
99/1, 97/3 and 95/5 composites and then evaporating the THF after filtering. The
FTIR spectra of 1 has a strong Si-O-Si symmetric stretching peak at ~ 1100 cm-1 and
a sharp Si-O stretching vibration (SiOH groups) at ~ 1030 cm-1. These bands were not
present in the extracted residues from the PT-15/1 (99/1, 97/3 or 95/5 wt/wt)
composites. Furthermore, only traces of a Si-O-Si symmetric stretching peak at ~
1100 cm-1 was detected in the residues isolated by extracting powdered samples of
the PT-15/1 90/10 and 85/15 composites with THF. These FTIR results are consistent
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with chemical incorporation of 1 into the matrix as proposed in Figure 4.1. Silanol
functions add across the cyanate ester triple bond when the temperature is raised to
120 °C and above. Triazine ring formation proceeds above 150 – 160 °C. Figure 4.1
presents a reasonable representation of the resin’s structure. However, further
increases in temperature to 250 – 300 °C must induce other changes the structure. It
increases crosslink density and likely causes further reactions at the imine functions
in the composite.
Blending POSS-1 with PT-15
POSS 1 exhibited good solubility in PT-15 at 120 °C and PT-15/1 99/1, 97/3,
95/5 and 90/10 liquid mixtures were transparent. The good solubility was due to the
formation of specific intermolecular interactions (e.g., hydrogen bonding, -SiOH···N≡C-O-) and phenyl ring π-interactions between 1 and PT-15. After holding at
188 °C for 120 min, all of these partially cured mixtures were still transparent. When
the oven temperature was ramped to 250 °C at 5 °C/min and held at 250 °C for 180
min, PT-15/1 99/1, 97/3 and 95/5 composites remained transparent. However, the PT15/1 90/10 composite became translucent, suggesting a dispersed phase formed with
phase domain dimensions equal to or greater than visible light wavelengths. X-ray
diffraction measurements were performed to try to detect (1) any alteration of solid
state order in the PT-15 cured resin’s microstructure and (2) to see if ordered POSS
aggregates form by phase separation.
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Wide-Angle X-Ray Diffraction (WAXD)
The WAXD patterns for the cured PT-15 and the PT-15/1 composites with
wt/wt compositions of 99/1, 97/3, 95/5 and 90/10, respectively, are displayed in
Figure 4.7. Figure 4.8 shows the wide angle X-ray diffraction pattern for as-received
1. One broad peak was observed at 2θ ≈ 20° in the WAXD pattern of neat PT-15.
This broad peak is attributed to cured amorphous PT-15. The XRD patterns for the
PT-15/1 (99/1, 97/3 and 95/5) samples were essentially the same as that for the cured
pure PT-15 sample. Thus, after curing, no specific evidence was found for
aggregation of POSS 1 into particles having a regular crystalline structural
organization at loadings of 1 up to 5wt%. In Figure 4.7, however, a small peak at 2θ ≈
7.5° (equivalent to an interplanar spacing of 1.18 nm) is observed for the PT-15/1
(90/10) composite. This peak corresponds to the distance between the
TriSilanolPhenyl-POSS moieties found in the pure solid sample of 1. Thus, some
aggregation of 1 into ordered particles must have occurred in this highly loaded PT15/1 (90/10) sample.
The solubility of 1 decreases during the cure, due to a smaller contribution by
the positive entropy of mixing. However, substantial reaction of 1 with the resin has
also occurred. When 10 wt% of 1 is present, aggregation and particle formation
occurs due to phase separation which begins to occur at some point during the curing.
The amount of solid 1 present and its degree of ordering in this sample is just
sufficient for its XRD peak at 7.5° (2θ) to be observed. Some regular structure occurs
within some POSS aggregates which present in these phase-separated PT-15/1
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(90/10) composites. The absence of any observable peak at 7.5° (2θ) suggests that
there is very little or no aggregation of 1 in PT-15/1 (99/1, 97/3 and 95/5) composites.
If aggregation occurs, it incorporates significant amounts of cyanate ester resin. In
other words, molecular dispersion or formation of small unstructured diffuse
aggregates of 1, or a combination of both, was achieved in these 99/1, 97/3 and 95/5
composites (see SANS studies).
The x-ray diffraction pattern of the PT-15/1 (99/1) composite overlaps exactly
that of neat PT-15. Thus, the crystallographic structure of PT-15 does not change
appreciably by adding only 1wt% of 1. On the other hand, the intensity of the peak at
20° (2θ) decreases and gradually shifts to a slightly smaller angle (about 19° (2θ))
upon adding more 1 into the PT-15 resin matrix. This peak shift corresponds to a
progressive microstructural modification in the PT-15 resin matrix structure as the wt
% of 1 increases from 3 to 5 to 10%. This changes the average layer spacing of PT-15
resin from 0.45 nm to 0.47 nm.
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Small-Angle Neutron Scattering (SANS)
Small-Angle Neutron Scattering (SANS) is an excellent tool to analyze the
size and dispersion of particles in a continuous medium [99-104]. The detection range
of the NG7 30-m SANS instrument at the National Institute of Standards and
Technology (NIST) Center for Neutron Research (NCNR) approaches 1 nm. This is
about the size of a single POSS particle size ~ 1 nm in diameter if one includes the
first atoms attached to each corner Si.
In neutron scattering, the scattered intensity depends on the scattering length
of the components forming the system, their concentration and their relative positions
in the sample [101,105-107]. The coherent contribution to the scattered intensity, I(q),
from a two component system with a particle volume fraction of ø and a single
particle volume of Vp is proportional to the differential cross section per unit volume
of the sample, dΣ / dΩ (cm-1) [108]. This term is given by Equation (4-3):
dΣ / dΩ = b2øVpF(q)S(q)

(4-3)

with b = (b1-b2(v1/v2))
where b1 and b2 are the scattering lengths of components 1 and 2. The v1 and v2 terms
are the monomer volume of the matrix polymer (component 1) and the molecular
volume of the second component, respectively. This equation expresses the total
coherent scattering in terms of a single particle form factor, F(q), and the structure
factor, S(q), which accounts for interparticle interference. The scattering contrast in
PT-15/1 composites comes from the difference between the scattering lengths of the
polymer matrix and the POSS 1 particles. Structure factor, S(q), is the Fourier
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transform of the correlation function of the mass center of the POSS particles. Thus,
the SANS measurements give the Fourier transform of the POSS density.
Figure 4.9 displays sample SANS scattering profiles of PT-15/1 95/5 and
90/10 wt/wt composites. The slopes of the SANS profiles of 95/5 and 90/10
composites were not constant over the experimental q range. The scattering intensity
of 90/10 sample was higher than that from 95/5 sample. The scattering curves were
analyzed according to the ranges of q values, starting from 0.1 Å-1, which corresponds
to intraparticle dimensions (a few nanometers), and ends at 0.0038 Å-1, which
corresponds to the large scale organization of about 165 nm.
At q values between 0.1 Å-1 and 0.04 Å-1, the scattering intensities of 95/5
sample display a plateau. The plateau’s intensity indicates there is little density
fluctuation between 63 and 160 Å. Thus, the number density of particles (from 63 to
160 Å diameters) is similar over this length scale [109]. The scattering intensities
from 90/10 sample follow a q-5/3 power law, where an exponent of –5/3 is indicative
for swollen single chains [110].
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SANS profiles of PT-15/1 95/5 and 90/10 wt/wt composites.

Between 0.04 and 0.01 Å-1, the scattering intensities of both samples (5 and 10
wt% 1) follow q-1 power law. An exponent with a value of –1 corresponds to the
scattering from rodlike structures [110] or aggregates that are very tenuous or even
stringy [109]. The q-1 power law over 0.04 and 0.01 Å-1 implies that some molecules
of 1 aggregate to form nanorod-like domain diameters from 160 to 600 Å.
Between 0.01 to 0.007 Å-1, the scattering intensity exponents of both the 5 and
10 wt% POSS 1 samples change from –1 to –2.5, indicating some further aggregation
to clusters 600 to 900 Å in size. Finally, at q values below 0.007 Å-1, the scattering
intensity exponents from both samples change from –2.5 to –4.5, indicating that
aggregates with sizes > 900 Å are present in both samples.
A slope of –2 indicates scattering from platelet shapes, while a slope of –4.5 is
consistent with scattering from approximately spherical or from fractal-shaped

151
clusters [111]. The exponent change of both 5 and 10 wt% samples can be explained
by a two-step aggregation process: first POSS molecules associate to form rodlike
subunits with sizes ranging from 160 to 600 Å. Then these subunits associate to form
larger aggregates with a more spherical-shape (Figure 4.10). These aggregates do not
have sufficient order to exhibit WAXD peaks in the 1, 3 or 5 wt% 1 samples and only
register an extremely weak peak for the 10 wt% sample. Coughlin demonstrated that
pendent POSS units present in ethylene-norbornylene-substituted POSS copolymers
were found to aggregate and form elongated non-spherical lattices separate from
crystalline polyethylene lattice regions [112].

POSS or
POSS-cyanate
ester adducts
Figure 4.10

Subunits

Spherical-shaped
aggregates

Schematic representation of formation of POSS enriched aggregated
regions.
Scanning Electron Microscopy (SEM)

Figure 4.11 displays two sample sample SEM micrographs of the translucent
PT-15/1 90/10 composite. Table 4.1 summarizes the corresponding X-ray EDS
elemental analysis of this composite at locations shown in Figure 4.10. Clearly, some
POSS-1 units have aggregated into approximately spherical POSS-rich particles at
this high POSS-1 loading. The numbers shown on the SEM micrographs refer to the
EDS spectrum number represented in Figure 4.11. The heads of the arrows locate
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where the X-ray beams impinged on the sample. The spot size of the impinged X-ray
beams were small (~5 nm diameter) relative to the feature sizes observed in the
SEMs. All of the regions studied exhibited the presence of 1 as indicated by the value
of the silicon content. Pure 1 (C42H38O12Si7) contains 21.1 wt% and 7.07 atom% Si.
The highest Si content exhibited by EDS spectrum 2 (Fig 4.11.a.) contained only
12.13 wt% (2.56 atom%) Si, confirming that the POSS-rich phase-separated regions
contain substantial amounts of PT-15 resin. This is further confirmed by their
substantial nitrogen contents (from 9.89 to 13.16 wt% in Table. 4.1.). Also, the
weight percentages of POSS are different from point to point within the same POSSrich domain. These findings are consistent with the very small XRD peak at 7.5° (2θ)
in this 10 wt% 1 composite (Figure 4.7). The large aggregates cause the 10 wt% 1
sample to be translucent. The substantial PT-15 content within these aggregates is
consistent with the clustering route proposed in Figure 4.10.

4

a

b

2

5
3

2 µm
Figure 4.11

2 µm

3

Two SEM micrographs of the PT-15/1 90/10 composite.
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Table 4.1
Spectrum
1a

2a

3a

4a

5a

1b

2b

3b

X-ray EDS spectra data of PT-15/1 90/10 composite (Figure 4.11)
Element

Weight %

Atomic %

POSS weight %

C
N
O
Si

68.85
11.72
17.68
1.74

74.10
10.81
14.29
0.80

8.24

C
N
O
Si

65.56
13.16
18.71
2.56

71.27
12.27
15.27
1.18

12.13

C
N
O
Si

70.22
11.45
18.08
0.25

74.92
10.48
14.48
0.11

1.18

C
N
O
Si

66.72
12.93
17.84
2.52

72.31
12.01
14.51
1.17

11.94

C
N
O
Si

68.79
12.13
16.79
2.29

74.15
11.21
13.59
1.05

10.85

C
N
O
Si

71.01
9.89
17.18
1.92

76.18
9.10
13.84
0.88

9.10

C
N
O
Si

69.40
12.08
16.91
1.61

74.51
11.12
13.63
0.74

7.63

C
N
O
Si

68.90
12.83
17.18
1.09

73.88
11.79
13.83
0.50

5.16
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Transmission Electron Microscopy
PT-15/1 99/1, 97/3 and 95/5 composites were transparent. The 97/3 and 95/5
composite samples were selected for TEM measurements. Irregular regions appear in
the TEMs of the nanocomposites (Figure 4.12-13), ranging from 200 nm to a few nm
in diameter. The composition of these regions was studied by X-EDS and compared
to the composition of what appears to be the continuous matrix regions.
X-EDS measurements detected substantial amounts of silicon in the
continuous phase matrix of both the 97/3 and 95/5 samples. No silicon was found in
cured samples of pure PT-15 resin. The regions of the 97/3 composite, which visually
might appear to be particles in TEM micrographs, exhibit almost the same Si/O/C
composition ratio as the continuous phase of matrix (Figure 4.12). Thus, these darker
regions may not really be POSS-rich aggregates. The “particle-like” inclusion or
artifact in the 97/3 sample to which the arrow points (in Figure 4.12) has dimensions
of about 50 by 25 nm. This feature exhibits the same Si/O/C composition within
experimental error as the matrix region.
A TEM of the 95/5 composite is shown in Figure 13. With 5 wt% of POSS-1
present, the observed particle-like inclusions were found to have a greater Si content

than surrounding matrix. The Si/O/C compositions varied for different particle
(aggregate) regions in the 95/5 sample, but all of these domains contained a higher Si
content than the continuous phase (Figure 4.13). Since the PT-15 resin itself does not
contain any Si, the Si detected in the continuous matrix must be due to molecular
level incorporation of 1 within the resin. This is consistent with a curing process that
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proceeds through the general chemical pathway shown in Figure 4.1. The domains
observed with higher Si contents than the matrix are best described as POSS-enriched
aggregates because they do not contain as much Si as 1. Thus, the appropriate
interpretation is that some 1 has been dispersed molecularly within the matrix and the
remainder forms aggregates which also incorporate various substantial amounts of
resin. This means highly crystalline structures do not form, which agrees with the
absence of XRD peaks for 1 in the 95/5 sample (Figure 4.7).
Various particles observed by TEM (Figure 4.12 and 4.13) could also have
small amounts of matrix either above or below their boundries which is detected by
X-EDS. This would also lead to different elemental ratios. However, the X-EDS spot
size is very small (10 nm2) giving confidence to the conclusion that matrix is not
being sampled within the plane of the micrograph because the particle areas studied
by X-EDS are far larger than the X-ray beam. Thus, the TEM/X-EDS results augment
the results from XRD and SEM/X-EDS. Each POSS 1 core is surrounded by seven
phenyl groups and contains three silanol (Si-OH) groups. Many POSS macromers are
chemically bonded into the PT-15 resin. Aggregated regions, which also contain
cyanate ester matrix components, are formed. These regions involve 1 that must be
incorporated into the matrix since 1 cannot be extracted from these samples.
The TEM/X-EDS observations suggest that most POSS units are well
dispersed in the PT-15/1 97/3 and 95/5 samples. Two factors lead to the good
dispersion of 1 in PT-15. First, 1 has a substantial solubility in uncured PT-15. This
likely results from hydrogen bonding between the fairly acidic silanol OH groups and
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the nitrogen or oxygens of the cyanate ester functions. The seven phenyl rings of 1
can also be solvated by aryl rings in PT-15. Secondly, 1 is incorporated by chemical
bonding into the developing PT-15 resin before and during curing as the composite
forms. Thus, when the solubility limit of 1 was reached during curing, some 1 is
already bound into crosslinked matrix regions and no longer free to self-aggregate.
This limits the extent of phase separation. Furthermore, the concentration of
unreacted 1 in the resin decreases as it reacts with the resin. As curing proceeds, the
viscosity increases. This decreases the diffusion rates of 1, thereby slowing
aggregation. As crosslinking occurs, further aggregation of resin-bound 1 becomes
more difficult.
In the 95/5 composite only small sized (< 200 nm) POSS-1-rich regions were
formed. Some POSS 1 could react with smaller cyanate ester molecules (monomers
and oligomers) which are not yet crosslinked. A portion of these may aggregate, prior
to further polymerization, which would then generate aggregates rich in POSS 1 that
contain cyanate ester which is chemically linked with the continuous matrix regions.
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Figure 4.12

Progressive magnification TEM micrographs of the PT-15/POSS-1
(97/3) composite showing molecular dispersion of 1 in PT-15. Si from
molecules of 1 is dispersed in the resin matrix. The dark particle has
the same Si/O/C composition as the resin matrix.
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Figure 4.13

Higher magnification TEM micrographs of the PT-15/POSS-1 (95/5)
composite showing molecular dispersion of 1 in PT-15. Si is dispersed
in the resin matrix. The particles have a higher Si content than the
resin.
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Mechanical Properties
DMTA Studies
The bending storage modulus, E', versus temperature curves at 1 Hz for neat
PT-15 and each PT-15/1 composite are shown in Figure 4.14. The E' (both above and
below Tg) values of the 99/1, 97/3 and 95/5 composites are higher than those of the
pure PT-15 over the entire 35 – 350 °C temperature range. These three composites
also display Tg values ~15 to 25 °C higher than the Tg of the pure PT-15 prepared
under identical conditions. Importantly, their E' values above Tg are significantly
higher than that of the cured PT-15 resin. As the amount of 1 increases to 10 and 15
wt%, the Tg values drop as does the E’ values at T > Tg. While PT-15/1 90/10 and
85/15 composites exhibit higher E' values than those of the pure PT-15 in the glassy
region (T<Tg), the 15 wt% POSS 1 sample exhibited lower E' values in the rubbery
region (T>Tg). Furthermore, the Tg values are lowered by 25 and 35 °C in the 10 and
15 wt% POSS composites, respectively, versus pure PT-15. Thus, small amounts (≤ 5
wt%) of 1 incorporated into PT-15 can increase the storage modulus in the glassy and
rubbery regions and the Tg values versus pure PT-15. As the amount of 1 increases
(10 and 15 wt%), the Tg and E' (T > Tg) values drop below that of the parent cyanate
ester resin.
The bending tan δ versus temperature curves obtained at 1 Hz (from DMTA)
for the pure PT-15 and the PT-15/1 composites are shown in Figure 4.15. The Tg
values for the PT-15 resin and its 99/1, 97/3, 95/5, 90/10 and 85/15 composites,
defined as the tan δ peak temperatures, are 305, 325, 321, 313, 278 and 260 °C,
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respectively. The 99/1 sample has the highest Tg among these samples. The Tg values
then decrease as the content of 1 increases.
Two factors affect the viscoelastic properties. First, 1 is relatively rigid.
Massive units of 1 along a chain segment units will tend to retard or restrict that
segment’s motions in PT-15. However, 1 may also increase free volume by not
packing as well overall with the cyanate ester resin segments of the crosslinked resin.
The first factor increases both the rigidity and the Tg while the second adds free
volume, lowers Tg and could allow increased segmental motion. A portion of the
three available acidic silanol (Si-OH) groups of 1 can be chemically bound into cured
PT-15 (Figure 4.1). Incorporating 1 may decrease the overall cross-linking density,
since the volume of each POSS 1 molecule is substantial. This in turn, could decrease
Tg of the composite by lowering the crosslink density per unit volume. When the
reduction of segmental motion dominates, then the rigidity and Tg of the composite
will increase. However, at larger loadings of 1 the trend reverses. A lower net
crosslink density and/or increased free volume is consistent with the increased
flexural strength of the PT-15/1 85/15 wt/wt sample which could undergo greater
bending (see flexural properties). Changes in the extent of aggregation and detailed
morphology also occur as the content of 1 increases (≥ 10 wt%). Finally, as the
loading of 1 goes up, remaining acidic SiOH functions may modify the degree of
triazine formation.
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Figure 4.14

Bending modulus (E') versus temperature curves at 1 Hz (from
DMTA) for neat PT-15 and its PT-15/1 99/1, 97/3, 95/5, 90/10 and
85/15 wt/wt composites.
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Bending tanδ versus temperature curves at 1 Hz (from DMTA) for
neat PT-15 and its PT-15/1 99/1, 97/3, 95/5, 90/10 and 85/15 wt/wt
composites.
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Flexural Properties and Fracture Surfaces
The flexural strengths and moduli of the PT-15/1 composites are shown in
Table 4.2. The flexural strengths of PT-15/1 samples are slightly higher than that of
neat PT-15 resin and increase as the loading of 1 increases. Only the PT-15/1 85/15
sample exhibits a sizable flexural strength improvement (20%). Also, the flexural
moduli are higher than that of neat PT-15 resin. The flexural moduli increase as the
content of 1 increases and then decrease as the wt% of 1 increases to 10 and 15%.
The PT-15/1 95/5 sample exhibits the highest value, 28% above that of the neat PT15 resin. Therefore, the mechanical properties of PT-15 resin can be improved by
incorporation of 1.
Fracture surface SEM micrographs of the neat PT-15 and the PT-15/1 85/15
wt/wt composite after failure in the three-point bend flexural test are shown in Figure
15. Crack propagation, as indicated by failure ridges, is straighter for the neat PT-15
resin (Figure 4.16.a.). In contrast, these failure ridges seems to interact with and
terminate at POSS-rich aggregates during crack propagation within the PT-15/1
(85/15) composite (Figure 4.16.b, c, d). Some blunting of the failure process occurs.
The aggregates also seem to act as crack attractors for a propagating crack front.
Intermittent interruption of crack growth gives rise to a more complex crack
propagation path instead of relatively straight/smooth fracture path.
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Table 4.2

Flexural Strength (FS) and Flexural Moduli (FM) of PT-15/POSS
Composites. a

Samples

FS (MPa)

FM (MPa)

120.72
121.18
122.29
123.54
124.64
145.43

3337.78
3385.99
3832.38
4267.73
3634.95
3558.28

PT-15
PT-15/POSS 99/1
PT-15/POSS 97/3
PT-15/POSS 95/5
PT-15/POSS 90/10
PT-15/POSS 85/15
a.

Six samples of each were averaged.

a

20 µm

b

20 µm

c

10 µm

Figure 4.16

d

2 µm

Fracture surface SEM micrographs: (a) neat PT-15, (b, c, d) PT-15/1
85/15 wt/wt composite.

164
Conclusions
The liquid PT-15 cyanate ester resin dissolved 1. After curing, FT-IR, XRD,
SANS and X-EDS analyses indicated that a portion of 1 was molecularly dispersed
and bonded into the continuous matrix phase, while some was present in aggregates
and/or particles containing both 1 and cyanate ester resins. At 1 and 3 wt% POSS
loadings, appreciable fractions of 1 are molecularly dispersed. SANS and TEM also
detected POSS–enriched nanophases (from a few nm to about 200nm) in the
composites. These nanophases also incorporate cyanate ester. The size distribution of
these phases broadens and larger aggregates increasingly form as the loading of 1
increases. At 15 wt% 1, the dispersed particulate phase clearly influences the fracture
mechanism. The storage moduli, E', of PT-15/1 99/1, 97/3 and 95/5 composites are
higher than those of the pure cured PT-15 over the entire temperature range 35 – 350
°C. The E' values for all the composites (except that when 15 wt% of POSS was
present) are greater than that of the pure resin at T > Tg. Also, the Tg values of the 1, 3
and 5 wt% POSS composites are higher than that of neat PT-15. Small amounts (≤ 5
wt%) of POSS can improve the storage modulus the most. The flexural strength and
flexural modulus are higher than that of neat PT-15 and larger amounts of 1 (>3 wt%)
are most beneficial.
The aggregation/phase separation process is quite complex. First 1 chemically
reacts with cyanate esters to form imino siloxycarbonates. This improves dispersion.
Continued curing leads to aggregation of 1 which is bound to resin molecules. The
aggregation process depends on the concentration of 1 used. Crosslinking eventually
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gels the system but as the temperature increases to 250 °C the fate of the imino
siloxycarbonate functions is unknown. Some formation of SiOSi bonds from silanol
groups of 1 may also occur, both intramolecularly and intermolecularly at 250 – 300
°C. The latter could create dimers or trimers of 1 when there is enough freedom of
motion or when molecules of 1 are in close proximity.
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CHAPTER V
EPOXY AND EPOXY/CYANATE ESTER MATRIX
TRISILANOLPHENYL-POSS, 1,
NANOCOMPOSITES
The polyhedral oligomeric silsesquioxane (POSS), TriSilanolPhenyl-POSS
(C42H38O12Si7) was incorporated into the aliphatic epoxy (Epoxy 9000, Clearstream
Products, Inc.) in 99/1, 97/3, 95/5, 90/10 and 85/15 w/w ratios and cured. This same
epoxy resin was also blended with an equal weight (50/50 w/w) of cyanate ester resin
(PT-15, Lonza Corp) and TriSilanolPhenyl-POSS was added in resin/POSS weight
ratios of 99/1, 97/3, 95/5, 90/10 and 85/15 and cured. Both sets of composites were
characterized by FT-IR, X-ray diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscopy (SEM), X-ray energy dispersive spectroscopy
(X-EDS), dynamic mechanical thermal analysis (DMTA) and three-point bending
flexural tests. TriSilanolPhenyl-POSS was first throughly dispersed into the uncured
liquid epoxy resin or the epoxy/PT-15 blend. XRD and X-EDS measurements after
curing were consistant with partial molecular dispersion of the POSS units in the
continuous matrix phase, while the remainder forms POSS aggregates. TEM and
SEM show that POSS–enriched nanoparticles are present in the matrix resins of both
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the epoxy/POSS and epoxy-PT-15/POSS composites. The storage bending moduli,
E', in the rubbery region and the glass transition temperatures, Tg, of epoxy/POSS
99/1, 97/3 and 95/5 and epoxy/PT-15/POSS 49.5/49.5/1, 48.5/48.5/3 and 47.5/47.5/5
composites are higher than those of the cured neat epoxy resin and the 1:1 epoxy/PT15 blend, respectively. Clearly, small amounts (≤ 5 wt%) of incorporated
TriSilanolPhenyl-POSS improved E’ and Tg of aliphatic epoxy and epoxy/cyanate
ester matrices. Flexural strengths and flexural moduli are also raised by POSS
incorporation.
Introduction
Epoxy resins are one of the most commonly used engineering thermosets for
adhesives, coatings and composite matrices based on cost, processing and their high
moduli, high strengths, excellent chemical resistance and good electrical resistance.
However, epoxy resins have relatively low glass transition temperatures, high
flammability and water absorption, and high dielectric losses. This has limited their
use in high temperature environments and in high-speed signal propagation and
transport materials for printed circuit boards. Therefore, studies have been carried out
to modify epoxy resins by copolymerization cures with cyanate ester resins [1-7].
Cyanate esters offer a unique combination of low dielectric loss, excellent thermal
and mechanical properties, low water absorption, excellent heat resistance, and low
volume shrinkage. Thus, they are a material of choice in many high-performance
applications [8-13].
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The recent development of hybrid organic polymer–inorganic nanocomposites
with new properties has attracted much research interest [14-39]. Such inorganic
nanophases as nanoclays [40-45], carbon nanotubes [46-49], vapor-grown carbon
nanofibers [50-56], various inorganic nanofibers [57-58] and polyhedral oligomeric
silsesquioxanes [32-39,59] have been widely studied. Typical POSS cages have the
empirical formulas (RSiO1.5)8, 10 or 12, referred to as T8, T10 and T12 cages, respectively.
TriSilanolPhenyl-POSS, 1, is an incompletely condensed POSS cage with three
silanol groups. The organic substituents on the corner silicon atoms can render POSS
molecules compatible with polymers or monomers.
POSS derivatives with reactive polymerizable functionalities have been
prepared, polymerized and grafted [32-39,59-67]. In other cases POSS compounds
have simply been blended with plastics [62,67-68]. POSS chemicals have been used
to prepare new thermoset [59,69-75] and thermoplastic materials [67-68, 76-77].
Improvements have been achieved in polymer use temperatures [78-79], oxidation
resistance [67], surface hardening [67], mechanical properties [80-81], flammability
resistance [81], heat evolution reduction [83] and processing viscosity [84].
Improvements were shown for both thermoplastics and thermosets including
methacrylates [85], styrenes [86], norbornenes [87], ethylenes [88], epoxies [89] and
siloxanes [66].
Minor amounts of TrisilonalphenolPOSS improved the crosslinking of epoxyamine networks, thereby increasing the Tg [84]. TrisilonalphenolPOSS catalysis was
thought to promot epoxy curing. Epoxy/POSS-1 composites containing up to 30wt%
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1 were cured, with and without aluminum triacetonate present [90]. Aluminum
triacetonate

accelerated

the

reaction

between

the

silanol

hydroxyls

of

TrisilonalphenolPOSS and the epoxide groups of diglycidyl ether of bisphenol A
(DGEBA). The epoxy/POSS-1 composites cured with aluminum triacetonate present
exhibited higher glass transition temperatures than those prepared without aluminum
triacetonate present at the same TrisilonalphenolPOSS loading. The epoxy/POSS-1
composites, made with aluminum triacetonate catalyst addition also exhibited higher
initial thermal decomposition temperatures.
In this paper, an aliphatic epoxy resin was copolymerized with the aromatic
cyanate

ester

resin

(PT-15)

in

50:50

wt/wt

ratios.

Epoxy/POSS

(TrisilonalphenolPOSS, 1) composites with compositions (wt/wt) of 99/1, 97/3, 95/5,
90/10 and 85/15 were made. For the first time, this paper also reports the preparation
of a POSS (eg. 1) incorporated into epoxy/cyanate ester resin (50-50, wt-wt) blends
with resin/POSS 1 compositions (wt/wt) of 99/1, 97/3, 95/5, 90/10 and 85/15.
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Experimental
Materials
Epoxy 9000 from Clearstream Products, Inc., was employed. It is composed
of a proprietary mixture of low viscosity aliphatic diepoxides. The aliphatic diamine
curing agent mixture (a proprietary mixture of primary and secondary diamines) was
also from Clearstream. The bisphenol-F-derived cyanate ester resin, PT-15, used in
this work was supplied by Lonza Inc. It contains a mixture of bis-cyanate ester
monomers where all the phenolic hydroxyl groups of bisphenol-F have been
converted to –OCN functions. A small proportion of larger biscyanate ester oligomers
are also present. The resulting PT-15 monomer mixture is a multifunctional, low
viscosity (35 cps at 80 °C) liquid cyanate ester resin. This resin is cured via a
thermally driven cyclotrimerization to form triazine rings, each of which serves as a
crosslinking site. This reaction can take place readily in the absence of catalyst at
temperatures above 165 °C. Multifunctional POSS, TriSilanolPhenyl-POSS, 1,
(C42H38O12Si7, MW=931.34g/mol), with three SiOH groups, was purchased from
Hybrid Plastics Inc.
Specimen Preparation
Epoxy-cyanate ester blends were prepared by melt-mixing the epoxy and
cyanate ester resins in 50:50 wt:wt ratio. The liquid epoxy was dissolved in molten
cyanate ester at 120 °C, forming a homogenous transparent solution. This blend was
placed into a mold without degassing and each sample was cured in an oven. The cure
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protocol was: heat to 188 °C and hold for 120 min, then the temperature was ramped
to 250 °C at 5 °C/min and held at 250 °C for 180 min. The cured resin system was
transparent.
Epoxy/POSS-1 composites were prepared by heating aliphatic epoxy 9000,
(7.425, 7.275, 7.125, 6.75 or 6.375g, respectively) to 120 °C and holding at this
temperature for 10 min while stirring magnetically. Then, TriSilanolPhenyl-POSS 1
powder (0.1, 0.3, 0.5, 1.0 or 1.5g, respectively) was added into the liquid resin. These
mixtures were magnetically stirred for 45 min. POSS 1 appeared to completely
dissolve in each case into the clear, transparent epoxy liquid resin. The resulting
liquids were transparent solutions. These solutions were cooled to room temperature.
The solutions with 10 and 15 wt% POSS 1 became slightly cloudy. Then the aliphatic
diamine curing agent (2.475, 2.425, 2.375, 2.25, 2.125g, respectively) was added to
the POSS/epoxy resin blend. A 3:1 weight ratio of epoxy to the curing agent was used
as recommended by Clearstream Products, Inc. When the curing agent was added,
POSS-1 remained dissolved in the 1, 3 and 5 wt% POSS-1 systems and the 10 and 15
wt% POSS-1 systems became slightly translucent. When heated to 80 °C, the 10 and
15 wt% POSS-1 samples became translucent. These mixtures were cured using the
following heating protocol: room temperature (25 °C) for 22 hours, 80 °C for 1 hour
and 120 °C for 25 hours.
Epoxy/cyanate ester/POSS composites were prepared by direct blending.
Liquid PT-15 (4.95, 4.85, 4.75, 4.5, 4.25g, respectively) was mixed with the liquid
epoxy (4.95, 4.85, 4.75, 4.5, 4.25g, respectively) at 120 °C and held for 10 min while

stirring

magnetically.

These

liquids

were

transparent.

Then,
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powdered

TriSilanolPhenyl-POSS 1 (0.1, 0.3, 0.5, 1.0 or 1.5g, respectively) was added as a
powder into the liquid resin at 120 °C. These mixtures (total weight 10g) were stirred
for 45 min during which time no viscosity increase occurred (at 120 °C, pure PT-15
has a viscosity of 8 cps). The resulting solutions were transparent when POSS 1 was
≤ 10 wt% at 120 °C. The resulting solution was translucent when it contained POSS 1
15 wt%. These liquids were placed into a mold without degassing and each sample
was oven cured. The cure protocol was: heat to 188 °C and hold for 2h, then the
temperature was ramped to 250 °C at 5 °C/min and held at 250 °C for 3h.
Measurements
Fourier Transform Infrared Spectroscopy (FTIR) measurements were
conducted on a MIDAC Co. instrument at room temperature with 4-cm-1 spectral
resolution by averaging 1024 scans. Samples were ground into KBr and pressed into
pellets for measurement. Soxhlet extraction for 24 hr in THF was also performed for
each ground sample. THF extracted samples were also ground into KBr and pressed
into pellets for measurement. Detection of 1 in THF extracted samples would indicate
that POSS-1 was chemically bonded into the resin matrix.
X-ray Diffraction (XRD) measurements were performed to search for POSS-1
aggregates with crystalline order and to examine potential alteration of solid state
polymer microstructure in the composites. Samples were examined using a Philips
XPERT model x-ray diffractometer. Philips Analytical software and CuKa radiation
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(40 kV, 45mA) were employed. Scans were taken over the 2θ range of 1-30° with a
step size of 0.03° at 1 sec per step.
A JSM-6500F field emission scanning electron microscope (FESEM) (JEOL
USA Inc.) was used to examine the fracture surfaces after three-point bending
flexural tests. An attached X-ray energy dispersive spectrometer (X-EDS) was used to
obtain elemental compositions of POSS aggregates in the composites. SEM samples
were coated with gold before SEM measurements. The electron beam spot size used
in X-EDS is about 5 nm in diameter.
Transmission electron microscopy (TEM) was used to characterize phaseseparation morphology, employing a JEOL JEM-100 CXII transmission electron
microscope (JEOL USA Inc.) operating at 60 Kv. TEM samples were
ultramicrotomed to ~70-90 nm thickness and mounted on carbon-coated Cu TEM
grids.
The dynamic storage moduli (E') and loss factors (tan δ) were determined in
the bending mode using a Rheometrics Scientific Model MK III DMTA instrument.
A dual-level bending mode was employed. Small amplitude bending oscillations
(both 1 and 10 Hz) were used at a gap setting of 8.00 mm. The measurements were
carried out from 35 to 350 °C for epoxy-cyanate ester blends, epoxy/POSS and
epoxy-canate ester /POSS composites. All test samples were approximately 3.0-4.0
mm thick, 4.5-5.5 wide and 38 mm long.
Flexural strengths and flexural moduli were determined by three-point
bending according to ASTM D-790-92 using a Zwick materials testing machine
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(model 1435) on 38 mm (length) × 10 mm (width) × 3-4 mm (thick) specimens. The
flexural strength (FS) value was calculated at specimen failure according to Equation
(5-1):
FS =

3PL
2Wt 2

(5-1)

where P is the breaking force of the specimen, L the support span, W the width, and t
the thickness. The flexural modulus (FM) was calculated from the tangent to the
steepest initial straight-line portion of the load-deflection curve and using Equation
(5-2):
FM =

L3 M
4Wt 3

(5-2)

where L is the support span, M the tangent of the initial straight-line portion of the
load-deflection curve, W the width, and t the thickness.
Results and Discussion
Reaction of Epoxy and Epoxy-Cyanate Ester Blends Containing
TriSilanolPhenyl-POSS, 1
The curing kinetics of epoxy resin/diamine can be affected by the presence of
such acids as the hydroxyl groups generated during cure [91], alcohols and Lewis
acids. The catalytic efficiency increases with acidity. High concentration of silica
fillers, which have silanol groups on the filler surface, accelerated curing in some
epoxy resins [92-93], especially when an aluminum complex was present [90, 94].
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Lee reported that amounts of 1 (< 1.0 wt%) did not seem to enhance the epoxy/amine
curing rate during the pre-gelation stage [84].
In order to obtain a better understanding of the epoxy/amine/1 curing
mechanism, FT-IR was used to follow the curing kinetics of the epoxy resin cured
with amine, containing 15 wt% of 1. Figures 5.1 and 5.2 show the FTIR spectra of the
neat epoxy and the epoxy/1 85/15 wt/wt composite at different stages of their cures.
The disappearance of epoxy rings during the cures was followed using the changes in
peak intensities (areas) of epoxide peak (914 cm-1) as a function of the curing stage.
These values were normalized to the area of initial epoxide peak, obtained
immediately after mixing with amine. The conversion of epoxy functions as a
function of curing time is shown in Figure 5.3. The conversion of epoxide was 33%
during the first 3 h at room temperature for the neat epoxy resin. However, the
conversion of epoxide was only 6% during the first 3h in the 15 wt% 1 sample. The
presence of 1 appears to retard the amine/epoxy reaction during the low temperature
curing stage. Even after curing at room temperature for 21 h, the total conversion of
epoxide was 78% in neat epoxy and 66% in epoxy/1 (85/15) sample. The presence of
1 did not speed up the reaction of epoxy with amine during low temperature curing
stage. After curing at 120 °C for 25 hr, there is almost no difference in the epoxide
conversions.
Cured neat epoxy and epoxy/1 85/15 ground samples were Soxhlet extracted
for 24 hr in THF. A Si-O-Si symmetric stretching vibration at ~ 1132 cm-1 [90] was
observed in the FTIR spectra of the epoxy/1 85/15 sample after extraction. This
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absorption is not present in the neat epoxy sample. Hence, a portion of 1 must have
been chemically bonded into the epoxy resin matrix since 1 is soluble in THF.
Possible reactions between silanol hydroxyl and epoxy functions are illustrated in
Figures 5.4 and 5.5 which account for this chemical bonding of POSS-1 into the
matrix with some loss of silanol functionality.
Figures 5.6 and 5.7 show the FTIR spectra of the cured epoxy/PT-15 1:1
blend and the epoxy/PT-15/1 85/15 wt/wt composite at different stages of the cure.
The gradual disappearance of the cyanate ester absorption (2270 cm-1 C≡N stretch)
and the appearance of the 1365 and 1565 cm-1 triazine ring absorptions were observed
for epoxy/PT-15 cured blend. The intensity of epoxide absorption (914 cm-1) also
progressively decreased. A new isocyanurate absorption (1695 cm-1) and oxazoline
bands (1678 cm-1 and 1295 cm-1) appeared, indicating that reactions between cyanate
ester and epoxy functions had generated these new moieties, as expected from
previous studies of epoxy/cyanate ester cures [1, 5-7, 95-96]. After curing for 2 h at
188 °C, the FTIR spectra demonstrate the formation of oxazolidone functions from
the appearance of the oxazolidone carbonyl stretch (1753 cm-1) [95-96] accompanied
by the continuous disappearance of the isocyanurate absorptions at 1695 cm-1 and the
oxazoline bands at 1678 cm-1, 1295 cm-1. The oxazoline rings in the resin rearrange
into oxazolidone rings at higher temperatures [95-96].
Figure 5.8 summarizes the reactions occuring during epoxy/cyanate ester
curing. Similar FTIR results were observed for the epoxy/PT-15/1 (85/15 wt/wt)
sample, except that the intensity of cyanate ester function absorption (2270 cm-1)

184
decreased more rapidly at 120 – 180 °C. Also, a new absorption occurred after 2 h at
120 °C at 1640 cm-1 due to formation of the (≡SiO)(RO)C=NH (imino carbonate)
function, generated by silanol addition across the –OC≡N. The appearance of this
imino carbonate absorption at 1640 cm-1 was previously demonstrated in the reaction
of 1 with PT-15 at 120 °C [97]. The absorption intensity of the (≡SiO)(RO)C=NH
function decreased after higher temperature curing at 188 °C for 2 h, mostly likely
due to further iminocarbonate reaction with more epoxide (Figure 5.9). This route is
analogous to the epoxide ring-opening mechanism induced by C=NH groups invoked
in the cocuring of phosphorus-containing cyanate esters with an epoxy resin [7]. The
(≡SiO)(RO)C=NH group not only promotes the cyanate ester cyclotrimerization but it
also reacts with epoxy functions.
Cured samples of the neat epoxy/PT-15 1:1 blend and the epoxy/PT-15/1
85/15 composite were ground into a powder and Soxhlet-extracted for 24 h with THF.
A Si-O-Si symmetric stretching vibration at ~ 1132 cm-1 [90] was present in the FTIR
spectra of the THF Soxhlet-extracted epoxy/PT-15/1 85/15 sample. This absorption
does not occur in the initially mixed epoxy/PT-15 blend, or the THF Soxhlet
extracted epoxy/PT-15 blend. This further confirms that some amount 1 was
chemically bonded into the epoxy/PT-15 resin matrix by heating during the cure
cycle.
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Figure 5.1

FTIR spectra of neat epoxy cured to different stages: (a) 25 °C/0h (b)
25 °C/3h (c) 25 °C/9h (d) 25 °C/21h (e) 120 °C/1h (f) 120 °C/25h.
(The 914 cm-1 absorption is due to the epoxy ring)
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Figure 5.2

FTIR spectra of the epoxy/POSS-1 (85/15 wt/wt) composite cured to
different stages: (a) 25 °C/0h (b) 25 °C/3h (c) 25 °C/9h (d) 25 °C/21h
(e) 120 °C/1h (f) 120 °C/25h. (The 914 cm-1 absorption is due to the
epoxy ring)
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Extent of conversions versus curing time for: (a) epoxide functions in
neat epoxy resin, (b) epoxide functions in epoxy/1 (85/15 wt/wt)
composite, and temperature versus time profile during this cure.
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Proposed reaction between the intermediate siloxyiminocarbonate 13
and epoxy groups during epoxy/PT-15 curing system at 188 °C.
Blending POSS-1 with Epoxy and Epoxy/PT-15 Liquids

POSS 1 exhibited good solubility in the aliphatic epoxy resin and the
epoxy/PT-15 solution at 120 °C. POSS-1 appears to be completely soluble in the
epoxy resin at 120 °C in amounts up to 10 wt%. Epoxy/1 99/1, 97/3 and 95/5 liquid
mixtures were transparent, and 90/10 and 85/15 liquid mixtures were slightly
translucent on cooling to ambient temperature. Epoxy/PT-15/1 99/1, 97/3, 95/5 and
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90/10 liquid mixtures at 120 °C were transparent while the 85/15 liquid mixture was
slightly translucent. Lee et al. [78] attributed the good solubility of 1 in an aromatic
epoxy resin to two factors: the organophilic phenyl substitutes were compatible with
bisphenol A in the epoxy monomers, and the more acidic silanol groups of 1 form
hydrogen bonds with epoxy monomers. We attribute the good solubility of 1 in PT-15
to the formation of specific intermolecular interactions (e.g., hydrogen bonding, -SiOH···N≡C-O-) and phenyl ring π-interactions between 1 and PT-15 [90]. After
curing, the epoxy/1 and epoxy/PT-15/1 99/1, 97/3 and 95/5 composites remained
transparent. The epoxy/1 90/10 and 85/15 and the epoxy/PT-15/1 90/10 and 85/15
composites became translucent, indicating a dispersed phase formed with phase
domain dimensions equal to or greater than visible light wavelengths. X-ray
diffraction measurements were performed to try to detect (1) any alteration of solid
state order in the epoxy and epoxy-PT-15 cured resin’s microstructure and (2) to see
if ordered POSS aggregates form by phase separation.
Wide-Angle X-ray Diffraction (WAXD)
Epoxy/POSS-1 Systems
Figure 5.10 displays the wide-angle X-ray diffraction (WXAD) patterns for
the cured neat epoxy resin and the epoxy/1 composites with wt/wt compositions of
99/1, 95/5, 90/10 and 85/15, respectively. One broad peak was observed at 2θ ≈ 19°
in the WAXD pattern of neat epoxy resin, attributed to the cured amorphous epoxy
resin. The XRD pattern of the epoxy/1 99/1 overlaps almost exactly with that of neat
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epoxy. Thus, the morphology of epoxy resin does not change appreciably by adding 1
wt% of 1. This peak’s intensity decreases as the loading of 1 is increased. Figure 5.11
shows the wide angle X-ray diffraction pattern for as-received crystalline 1 which has
its most intense diffraction at 2θ ≈ 7.5°. However, no crystalline peaks from 1 were
found in the WXAD patterns of epoxy/1 99/1 and 95/5 composite samples (Fig. 5.10).
Thus, after curing, no specific evidence was found for aggregation of 1 into particles
having any regular structural organization at loadings of 1 up to 5 wt%.
A small peak at 2θ ≈ 7.3° is observed for the epoxy/1 90/10 and 85/15
samples and the intensity of this peak in the 15 wt% sample is higher than that of the
10 wt% sample. This peak corresponds to the distance between the TriSilanolPhenylPOSS moieties found in the pure solid sample of 1 (2θ ≈ 7.5°). Thus, some
aggregation of 1 ordered particles must have occurred in these highly loaded epoxy/1
90/10 and 85/15 samples. The distance between these ordered particles is somewhat
larger than that within pure crystalline solid 1. The solubility of 1 in epoxy/1 mixtures
decreases during the cure, due to a smaller contribution by the positive entropy of
mixing. When 10 and 15 wt% of 1 is present, particle formation occurs due to phase
separation of a portion of the 1 present. This begins to occur at some point during the
curing. Some regular structure occurs within these aggregates. The absence of any
observable peak at 7.5° (2θ) in the epoxy/1 99/1 and 95/5 samples suggests that very
little or no aggregation of 1 occurred. In other words, molecular dispersion or
formation of small unstructured diffuse aggregates of 1, or a combination of both,
was achieved in the sample with loadings of 1 of 5 wt% or less.
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Epoxy/PT-15/POSS-1 Systems
Figure 5.12 displays the wide-angle X-ray diffraction (WAXD) patterns for
the cured epoxy/PT-15 blend and the epoxy/PT-15/1 composites having total resin to
1 wt/wt compositions of 99/1, 95/5, 90/10 and 85/15, respectively. One broad peak
was observed at 2θ ≈ 19.3° in the WAXD pattern of epoxy/PT-15 blend, attributed to
cured amorphous epoxy-PT-15 resin. Like the epoxy/1 99/1 sample, the XRD pattern
of the epoxy/PT-15/1 sample 1 wt% overlaps almost exactly with that of epoxy/PT15. Thus, the morphology of epoxy-PT-15 blend also does not change appreciably by
adding 1 wt% of 1. Also, the intensity of the broad peak at 19.3° decreases as the
loading of 1 is increased. There are no crystalline diffractions from 1 found in the
WAXD patterns of epoxy/PT-15/1 99/1 and 95/5 samples. Thus, after curing, no
specific evidence was found for aggregation of 1 into particles having any regular
structural organization at loadings of 1 up to 5 wt%.
In contrast to the XRD of samples with low loadings of 1, a small peak at 2θ ≈
6.9° is observed for both the epoxy/PT-15/1 90/10 and 85/15 samples. Furthermore,
the intensity of this peak from the 15 wt% sample is higher than that of the 10 wt%
sample. This small 2θ ≈ 6.9° peak is similar to the main peak found in the WAXD
examination of pure POSS-1 at 2θ ≈ 7.5° (Figure 5.11). Thus, some aggregation of 1
ordered particles must also have occurred in these two highly loaded epoxy/PT-15/1
(90/10 and 85/15) samples. Moreover, the separation spacing within these ordered
particles is larger than that within pure crystalline 1 and also larger than that of the
particles in epoxy/1 85/15 sample.
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The solubility of 1 in epoxy-PT-15/1 mixture decreases during the cure, due to
a decreasing entropy of mixing contribution. When 10 and 15 wt% of 1 is initially
present, phase separation into particles and aggregates begins to occur progressively
during the curing. Some regular structural order occurs within the POSS aggregates
present in the epoxy/PT-15/1 90/10 and 85/15 composites as indicated by the small
WAXD peak at 2θ = 6.9°. The absence of any observable peak at 7.5° (or 6.9°) (2θ)
suggests that there is very little or no aggregation of 1 in epoxy/PT-15/1 99/1 and
95/5 samples. Thus, molecular dispersion or formation of small unstructured diffuse
aggregates of 1, or a combination of both, was also achieved in the sample with
loadings of 1 ≤ 5 wt%.
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99/1 (b), 95/5 (c), 90/10 (d) and 85/15 (e) wt/wt composites.

198
16000

2θ = 7.5º

14000

TriSilanolPhenyl-POSS

12000
I (2 )

10000
8000
6000
4000
2000
0
0

5

10

15

20

25

30

Scattering Angle (2θ )
Figure 5.11

X-ray diffraction pattern of TriSilanolPhenyl-POSS, 1 [97].
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199
Transmission Electron Microscopy (TEM)
Epoxy/POSS-1 Systems
Epoxy/1 99/1, 97/3 and 95/5 composites were visually transparent, while the
90/10 and 85/15 composites were translucent. The 95/5, 90/10 and 85/15 composite
samples were selected for TEM measurements. Rounded POSS-rich particles with an
internal morphology were observed by TEM (Figure 13) in both the 5 and 10 wt% 1
samples. One spherical particle with a diameter ~ 40 nm that was dislodged is shown
(Figure 5.13a.). The particle/matrix contrast varied. The ~ 200 nm diameter diffuse
aggregate in Figure 5.13d is composed of smaller particles of varying diameters. The
average aggregate sizes increased as the wt% of 1 increased, based on a survey of a
large number of micrographs from many sample locations. Big-sized dark particles
were common within the 15 wt% POSS-1 sample (Figure 5.14). Their higher contrast
suggests that these particles are denser than those aggregates found in 5 and 10 wt%
samples, perhaps due to a higher POSS-1 content. In accord with the phase
separation-aggregation model we previously developed from small angle neutron
studies [97], POSS molecules first associate to form small dense POSS-rich particles.
Then these small particles aggregate into string-like shapes which grow into disks and
eventually grow into larger fractal or spherical aggregates containing significant
amounts of resin. Developing aggregates are observed in Fig.5.14.

200
Epoxy/PT-15/POSS-1 systems
Epoxy/PT-15/1 (99/1, 97/3 and 95/5) composites were transparent, while the
90/10 and 85/15 composites were translucent. Figure 5.15 displays a few TEM
micrographs of the 85/15 sample where 50–200 nm particles with different shapes are
observed. The large POSS-rich domain with a diameter of 400 nm is shown (Figure
5.15c) which contains several 50 – 200 nm diameter POSS-rich aggregates or
particles with resin permeating this region.
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TEM micrographs of the Epoxy/POSS-1 95/5 (a, b) and 90/10 (c, d)
composite.
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TEM micrographs of the Epoxy/POSS-1 85/15 composite.
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TEM micrographs of the Epoxy/PT-15/POSS-1 85/15 composite.
Scanning Electron Microscopy (SEM)
Epoxy/POSS-1 Systems

Samples were also studied by means of scanning electron microscopy (SEM)
and X-EDS. Figure 5.16 displays a SEM micrograph of the epoxy/1 90/10 composite.
The numbers in the micrograph show locations where X-EDS analyses were
performed. The corresponding X-EDS elemental compositions are listed in Table 5.1.
The values of the silicon content from each location established the presence of
POSS-1. Pure 1 (C42H38O12Si17) contains 21.1 wt% (7.07 atom%) Si. The Si content
detected by X-EDS is less than 1/10 of that value. For silicon, the effective area
emitting X-rays has a diameter of ~0.3 µm at the 5 Kv beam energy used and the
penetration depth is ~0.15 µm, precluding accurate analyses of individual particles
with diameters less than ~0.4 µm diameter. However, these results are consistent with
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a range of very small sized POSS-rich phase-separated regions containing substantial
amounts of epoxy resin within the aggregates.
Figure 5.17 is a sample micrograph from the epoxy/1 85/15 composite, while
Figure 5.18 is from this same sample after its surface was exposed to (etched by) THF
at room temperature for 2h. POSS-1 is soluble in THF. Therefore aggregated particles
of 1 can be dissolved away if they are not chemically bonded into the epoxy resin
matrix. The corresponding X-EDS spectral locations studied in these specific samples
are shown in Figures 5.17 and 5.18 and the elemental compositions are summarized
in Table 5.2 (before THF etching) and Table 5.3 (after THF etching). The heads of
the arrows locate where the X-ray beams (X-EDS) impinged on the sample. After
THF etching, many homogenously dispersed holes (< 1 µm) are present where POSSrich particles previously existed. The average POSS content from SEM (14.6 wt%) of
this epoxy/1 (85/15 wt/wt) sample before THF etching is higher than that (7.6 wt%)
after etching. This demonstrates conclusively that some POSS-1 is chemically bonded
into the resin of this sample and some is not. The amount of 1 that was not extracted
by THF is substantial (see spectra 3 and 5 in Table 3 after THF exposure). Figures
5.17 and 5.18, together with the EDS spectra data in tables 5.2 and 5.3, again indicate
that a portion 1 was homogeneously dispersed into epoxy resin and chemically
bonded to the matrix. Although a portion of 1 in this (85/15) sample can be dissolved
by THF at room temperature, the portion of 1 that is chemically bonded to the epoxy
resin matrix cannot be dissolved by THF. Thus, it remains in the resin.
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Epoxy/PT-15/POSS-1 Systems
SEM micrographs of the epoxy/PT-15/1 85/15 composite, before and after
THF etching for 2h at 24 °C, respectively, are shown in Figures 5.19 and 5.20. Tables
5.4 and 5.5 summarize the corresponding X-EDS spectra obtained for this sample.
The Si content (Table 5.4) is much lower at all locations than the 21.1% value in pure
1 (less than 1/5). The dispersion is good but phase-separation/aggregation is clearly
observed. POSS-rich phase-separated regions also contain substantial amounts of
epoxy/PT-15 matrix resin within these phase-separated domains. Significant Si
content is still detected in every randomly selected region examined after THF
etching/extraction. The average POSS content of the sampled locations before THF
extraction (13.41 wt%) is higher than that (11.70 wt%) after THF extraction. Most of
the POSS-1 remained present, indicating that most of it was chemically bonded into
the epoxy/PT-15 matrix. Based on a large number of sampled regions in both THFetched and non-etched samples, the loss of POSS-1 into THF was clearly less for the
epoxy/PT-15/1 composites than it was for the epoxy/1 composites. This indicates that
a high fraction of incorporated 1 was chemically-bonded when cyanate ester
monomers were cured. This result is consistent with our previous findings that the SiOH functions of 1 added across the –C≡N bond of the cyanate ester function at 120
°C to form a siloxyiminocarbonate functions [97].
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Figure 5.16

An SEM micrograph of the epoxy/1 (90/10 wt/wt) composite’s
surface.

Table 5.1

X-ray EDS spectral analyses of epoxy/1 90/10 composite’s surface
(Figure 5.16).

Spectrum

Element

1

2

3

Weight %

Atomic %

POSS weight %

C
N
O
Si

73.6
7.5
17.3
1.6

78.6
6.9
13.9
0.7

7.3

C
N
O
Si

72.8
7.5
17.9
1.9

77.9
6.8
14.4
0.9

8.9

C
N
O
Si

72.8
7.6
17.6
2.0

78.0
7.0
14.2
0.9

9.3
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Figure 5.17

An SEM micrograph of the epoxy/1 (85/15 wt/wt) composite’s surface
before THF surface extraction.

Table 5.2

X-ray EDS spectral analyses of the epoxy/1 85/15 composite’s surface
region before THF surface extraction (Figure 5.17)

Spectrum’s
Location
1
2
3
4
5

Si wt %

Si atomic %

3.7
2.6
3.3
4.0
1.8

1.7
1.2
1.5
1.8
0.8

POSS-1 wt %
17.6
12.2
15.6
18.8
8.7
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Figure 5.18

An SEM micrograph of the epoxy/1 85/15 composite’s surface region
after THF surface extraction at 24 °C for 2h.

Table 5.3

X-ray EDS spectral analysis of epoxy/1 85/15 composite’s surface
region after THF surface extraction at 24 °C for 2h (Figure 5.18)

Spectrum’s
Location
1
2
3
4
5
6
7
8
9

Si wt %
1.3
1.1
2.3
1.0
2.9
1.3
1.0
1.7
1.8

Si atomic %
0.6
0.5
1.0
0.4
1.3
0.6
0.5
0.8
0.8

POSS-1 weight %
6.1
5.4
10.8
4.7
13.8
6.3
5.0
7.9
8.6
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Figure 5.19

An SEM micrograph of the epoxy/PT-15/1 85/15 composite before
THF surface extraction.

Table 5.4

X-ray EDS spectral analyses of the epoxy/1 85/15 composite before
THF surface extraction (Figure 5.19)

Spectrum’s
Location
1
2
3
4
5
6

Si wt %

Si atomic %

2.7
2.4
2.8
2.5
3.5
3.0

1.2
1.1
1.3
1.2
1.6
1.4

POSS-1 wt %
12.7
11.6
13.3
12.0
16.6
14.3
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Figure 5.20

An SEM micrograph of the epoxy/PT-15/1 85/15 composite after THF
surface extraction for 2h at 24 °C.

Table 5.5

X-ray EDS spectral analyses of the epoxy/PT-15/1 85/15 composite
(Figure 5.20)

Spectrum’s
Location
1
2
3
4
5
6

Si wt %

Si atomic %

POSS-1 wt %

2.4
2.4
2.3
3.1
2.4
2.2

1.1
1.1
1.0
1.4
1.1
1.0

11.2
11.2
10.8
14.9
11.6
10.5

210
Viscoelastic Properties of Epoxy/POSS-1 Composites
DMTA bending moduli (E’) and tan δ versus temperature plots of the neat
epoxy resin and the epoxy/1 composites are given in Figures 5.21 and 5.22. The
bending storage moduli (E’) in the glassy region (T < Tg) are higher than those of the
neat epoxy resin when POSS-1 present except those of 5 wt% sample. The E’ values
of all epoxy/1 composites are higher than those of the neat epoxy resin at rubbery
region. The E’ values in the rubbery region of the 10 and 15 wt% 1 samples are
substantially higher than those of the neat epoxy, with the highest values found for
the 10 wt% 1 sample. E’ values for neat epoxy, epoxy/1 90/10, and 85/15 samples at
50 °C are 1201, 1435 and 1402 MPa, respectively. At 115 °C (T > Tg), the E’ values
of these same samples are 7.42, 12.88 and 11.36 MPa, respectively. The E’ values in
the rubbery region steadily increase with an increase loading of 1 from 1 wt% to 10
wt%, then drop back as the wt% of 1 increased to 15 %.
The glass transition temperature (Tg) is defined, herein, as the tan δ peak
temperature. Tg values of the neat epoxy and the 99/1, 97/3, 95/5, 90/10 and 85/15
epoxy/1 samples (83.2, 83.8, 83.2, 83.5, 87.7 and 83.1 °C, respectively) don’t change
much. The tan δ peak intensities decrease as the loading of 1 reaches and exceeds 5
wt%. The incorporation of 1 into epoxy has no effect on the tan δ curves. These
finding are consistent with the bonding of 1 to a portion of the epoxy segments, which
substantially reduces the segmental motion of these segments, leaving the remaining
majority of segments with an unchanged response of segmental motion to
temperature.
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Viscoelastic Properties of Epoxy/PT-15/POSS-1 Composites
E’ and tan δ curves of the epoxy/PT-15 (50/50) matrix and the epoxy/PT-15/1
composites are displayed in Figures 5.23 and 5.24. The E’ values of the epoxy/PT15/1 99/1, 97/3, 95/5 samples are higher than those of the epoxy/PT-15 blend from 35
°C to 300 °C while those of the 85/15 sample are lower over this entire range.
Example E’ values at 50 °C of the epoxy/PT-15 (50/50) copolymer and the epoxy/PT15/1 99/1, 97/3, 95/5, 90/10 and 85/15 samples are 1367, 1576, 1589, 1572, 1450 and
1271 MPa, respectively. At 250 °C (T > Tg), the E’ values of these same samples are
53.85, 78.45, 76.44, 71.90, 48.60 and 36.15 MPa, respectively.
The Tg values remained almost constant until they decreased at 10 and 15
wt% loading of 1. The epoxy/PT-15 (50/50) copolymer and the epoxy/PT-15/1 99/1,
97/3, 95/5, 90/10 and 85/15 samples exhibited Tg values of 232.0, 234.1, 234.1,
235.0, 227.0 and 222.1 °C, respectively. The tan δ peak intensities of epoxy/PT-15/1
composites are all lower than that of the epoxy/PT-15 matrix resin. The incorporation
of 1 into epoxy/PT-15 broadens the tan δ curves only when 10 and 15 wt% loadings
of 1 are reached.
The viscoelastic properties are affected by chemical bonding of massive units
of 1 to chain segments units which retard segmental motion, tending to increase Tg.
However, 1 may also increase free volume and decrease Tg in these systems by
inclusion of the bulky POSS cages. The phenyl rings of 1 and the aliphatic epoxy may
interact to give interfacal free volume. A portion of the three available acidic silanol
(Si-OH) groups of 1 are chemically bound into cured epoxy (Figure 5.5) and
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epoxy/PT-15 matrices (Figure 5.9). These could provide rigid crosslinks where two or
three bonds form from 1. However, the large volume of 1 may decrease the overall
cross-linking density per unit volume. These factors could result in an increase in E’
at low concentrations of 1 but a decrease in E’ at high loadings of 1 where the overall
volumetric crosslink density will be lower. A variety of hydrogen bonding
possibilities also exist for the Si-OH function of 1 with alcohol and amine groups of
the epoxy resin regions and oxygen and nitrogen atoms of the cyanate ester resin after
curing. Hydrogen bonding can inhibit motion and enhance E’.
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Bending tan δ vs temperature curves at 1Hz (from DMTA) of
epoxy/PT-15/POSS-1 composites.
Flexural Properties

The flexural strengths and moduli of the epoxy/1 and epoxy/PT-15/1
composites are surprisingly weakly dependent on the loading of 1 (Table 5.6). The
flexural strengths of epoxy/1 samples are only slightly higher than that of neat epoxy
resin, increasing slowly as the loading of 1 increases. The flexural moduli reach a
maximum at 5 wt% 1, only 14% greater than the neat epoxy sample. The modulus of
the 15 wt% 1 sample is slightly less than the control resin’s modulus. The flexural
strengths and moduli of the epoxy/PT-15 blend are marginally higher than those of
the epoxy resin and increase steadily as the loadings of 1 increases from 1 to 15 wt%.
The flexural moduli of the epoxy/PT-15/1 composites are slightly higher than that of
epoxy/PT-15 blend. The flexural moduli increase as the content of 1 increases to 5
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wt% (only 11 % higher than the epoxy/PT-15 1:1 resin) and then decrease as the wt%
of 1 increases to 10 and 15%. Therefore, in both systems the mechanical properties
are mildly affected at room temperature. The major effect on properties occurs above
Tg (see E’ values in the rubbery region).
Table 5.6

Flexural Strengths (FS) and Flexural Moduli (FM) of epoxy/1 and
epoxy/PT-15/1 composites. a

Samples

FS (MPa)

FM (MPa)

Epoxy
epoxy/1 99/1
epoxy/1 93/7
epoxy/1 95/5
epoxy/1 90/10
epoxy/1 85/15

102
103
103
105
105
108

2668
2681
2772
3041
2896
2614

epoxy-PT-15
epoxy-PT-15/1 99/1
epoxy-PT-15/1 93/7
epoxy-PT-15/1 95/5
epoxy-PT-15/1 90/10
epoxy-PT-15/1 85/15

116
117
118
119
122
125.71

3002
3004
3055
3332
3130
3013

a.

Six samples of each were averaged.

Conclusions
The liquid aliphatic epoxy resin and the epoxy/PT-15 1:1 blend each dissolved
substantial amounts of 1. After curing, FT-IR, XRD, SEM and X-EDS analyses,
coupled with THF extractions, confirmed that a portion of 1 was molecularly
dispersed and chemically bonded into the continuous matrix phase. A portion of 1
phase separated into aggregates and/or particles containing both 1 and the matrix
resins. At 1, 3 and 5 wt% POSS loadings, appreciable fractions of 1 are molecularly
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dispersed. TEM also detected POSS–enriched nanophases in the composites. The
storage moduli, E', of epoxy/1 and epoxy/PT-15/1 99/1, 97/3 and 95/5 composites are
higher than those of the pure cured epoxy or the epoxy/PT-15 resins. The Tg values of
the 1, 3 and 5 wt% epoxy/1 and epoxy/PT-15/1 composites are slightly higher than
those of the neat epoxy resin or epoxy/PT-15 resin, respectively. Small amounts (≤ 5
wt%) of POSS can improve the storage modulus the most. The flexural strengths and
flexural moduli of the epoxy/1 and epoxy/PT-15/1 composites are slightly higher than
those of the neat epoxy resin and epoxy-PT-15, respectively.
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CHAPTER VI
SUMMARY AND CONCLUSIONS
Multifunctional octaaminophenyl(T8)POSS was incorporated into the PT-15
cyanate ester resin network by thermal (250 °C) curing. The amino functions of
octaaminophenyl(T8)POSS reacted rapidly with cyanate ester functions prior to high
temperature curing. The tanδ peak intensities of the PT-15/octaaminophenyl(T8)POSS resins (first heating cycle) were lowered and their widths were broadened by
incorporation

of

octaaminophenyl(T8)POSS.

15/octaaminophenyl(T8)POSS

composites

octaaminophenyl(T8)POSS,

and

then

first

The

Tg

increased

decreased

values
with
as

1
the

of
wt%

PTof

content

octaaminophenyl(T8)POSS increased. The E’ values continued to increase during the
second and third heating cycles for the 5 wt% octaaminophenyl(T8)POSS
nanocomposites. Also, the bending tanδ peaks broadened and their peak intensities
weakened in the glass transition region during the second and third heating. XRD,
TEM, extraction and IR data all indicated that octaaminophenyl(T8)POSS was totally
dispersed and chemically bonded into the continuous matrix phase on a molecular
scale in all samples.
The monofunctional nitrile POSS, cyanopropylheptacyclopentyl(T8)POSS,
did not chemically react with the cyanate ester at lower temperature. Thus, substantial
224

225
phase separation into both nanometer- and micron-sized particles occurred during
curing. Only a small fraction of cyanopropylheptacyclopentyl(T8)POSS was
molecularly

dispersed.

At

250

and

300

°C,

some

reaction

of

cyanopropylheptacyclopentyl(T8)POSS with the resin may occur allowing surface
molecules of cyanopropylheptacyclopentyl(T8)POSS to bind to the resin and some
other self-reactions of the cages of cyanopropylheptacyclopentyl(T8)POSS may occur
during the 300 °C postcure, making it impossible to extract all of the
cyanopropylheptacyclopentyl(T8)POSS originally blended. Increasing the wt% of
cyanopropylheptacyclopentyl(T8)POSS in the composites progressively raised the Tg
values and the E’ values of cyanopropylheptacyclopentyl(T8)POSS. Thus, both types
of POSS additives can improve the high temperature mechanical properties of
cyanate ester resins despite their very different degrees of dispersion.
The liquid PT-15 cyanate ester resin dissolved TriSilanolPhenylPOSS. After
curing, FT-IR, XRD, SANS and X-EDS analyses indicated that a portion of
TriSilanolPhenylPOSS was molecularly dispersed and bonded into the continuous
matrix phase, while some was present in aggregates and/or particles containing both
TriSilanolPhenylPOSS and cyanate ester resin. At 1 and 3 wt% POSS loadings,
appreciable fractions of TriSilanolPhenylPOSS were molecularly dispersed. SANS
and TEM also detected POSS–enriched nanophases (from a few nm to about 200nm
in diameter) in the composites. These nanophases also incorporate some cyanate ester
within their domain boundries. The size distribution of these phases broadened and
larger aggregates increasingly formed as the loading of TriSilanolPhenylPOSS
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increased. At 15 wt% TriSilanolPhenylPOSS, the dispersed particulate phase clearly
influenced

the

fracture

mechanism.

The

storage

moduli,

E',

of

PT-

15/TriSilanolPhenylPOSS 99/1, 97/3 and 95/5 composites were higher than those of
the pure cured PT-15 over the entire temperature range from 35 – 350 °C. The E'
values for all the composites (except 15 wt% of TriSilanolPhenylPOSS) were greater
than that of the pure resin at T > Tg. Also, the Tg values of the 1, 3 and 5 wt% POSS
composites were higher than that of neat PT-15. This shows that small amounts (≤ 5
wt%) of POSS improve the storage modulus the most. The flexural strengths and
flexural moduli were higher than that of neat PT-15 and larger amounts of
TriSilanolPhenylPOSS (>3 wt%) were most beneficial.
The

aggregation/phase

separation

process

is

quite

complex.

First

TriSilanolPhenylPOSS chemically reacts with cyanate esters to form imino
siloxycarbonates at temperatures above 120 ºC. This improves dispersion. Prior to
iminocarbonate formation, the temperature dependence of the POSS solubility in the
cyanate ester resin, which only cures readily above 140 ºC, is not known. Continued
curing leads to aggregation of TriSilanolPhenylPOSS which is bound to resin
molecules.

The

aggregation

process

depended

on

the

concentration

of

TriSilanolPhenylPOSS used. Crosslinking eventually gels the system but as the
temperature increased to 250 °C the fate of the imino siloxycarbonate functions is
unknown.

Some

formation

of

Si-O-Si

bonds

from

silanol

groups

of

TriSilanolPhenylPOSS may also occur, both intramolecularly and intermolecularly at
250 – 300 °C. The later could create dimers or trimers of TriSilanolPhenylPOSS

when

there

is

enough

freedom

of

motion

or

when
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molecules of

TriSilanolPhenylPOSS are in close proximity.
The liquid aliphatic epoxy resin and the epoxy/PT-15 1:1 blend each dissolved
substantial amounts of TriSilanolPhenylPOSS. After curing these resin/POSS
systems, FT-IR, XRD, SEM and X-EDS analyses, coupled with THF extractions,
confirmed that a portion of TriSilanolPhenylPOSS was molecularly dispersed and
chemically

bonded

into

the

continuous

matrix

phase.

A

portion

of

TriSilanolPhenylPOSS phase separated into aggregates and/or particles containing
both TriSilanolPhenylPOSS and the matrix resins. At 1, 3 and 5 wt% POSS loadings,
appreciable fractions of TriSilanolPhenylPOSS were molecularly dispersed. TEM
also detected POSS–enriched nanophase domains in the composites. The storage
moduli, E', of epoxy/TriSilanolPhenylPOSS and epoxy/PT-15/TriSilanolPhenylPOSS
99/1, 97/3 and 95/5 composites were higher than those of the pure cured epoxy or the
epoxy/PT-15 control resins. The Tg values of the 1, 3 and 5 wt%
epoxy/TriSilanolPhenylPOSS and epoxy/PT-15/TriSilanolPhenylPOSS composites
were slightly higher than those of the neat epoxy resin or epoxy/PT-15 resin,
respectively. Small amounts (≤ 5 wt%) of POSS can improve the storage modulus the
most. The flexural strengths and flexural moduli of the epoxy/TriSilanolPhenylPOSS
and epoxy/PT-15/TriSilanolPhenylPOSS composites were slightly higher than those
of the neat epoxy resin and epoxy-PT-15, respectively.
Cyanate ester resins are high temperature thermosets and in widespread use
including structural aerospace, electronic and microwave-transparent composites. The
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molecular dispersion of POSS, octaaminophenyl(T8)POSS and Trisilanolphenyl(T8)POSS, into cyanate ester resins has been achieved in this work for the first time. It is
also the first time that Trisilanolphenyl(T8)POSS has been introduced and
molecularly dispersed into epoxy/cyanate ester copolymers. The molecular dispersion
of POSS, octaaminopheyl(T8)POSS and Trisilanolphenyl(T8)-POSS, into cyanate
ester resins or epoxy/cyanate ester copolymer increases the use temperature of
cyanate ester resins and epoxy/cyanate ester copolymer.
Manocha has reported that the use of methylsilsesquioxane to coat carboncarbon composites results in the formation of silicon-oxy-carbide coatings by
subsequent pyrolysis [1]. The oxidation resistance of these coatings was found to be
effective at temperatures up to 1200 ºC. The molecular dispersion of POSS,
octaaminopheyl(T8)POSS and Trisilanolphenyl(T8)POSS, into cyanate ester resins or
epoxy/cyanate ester copolymer should yield similar silicon-oxy-carbide structure
when the composites are subject to severe heat application or during combustion
where a networked SiO2 coating (and char) should form on the burning surface,
making the system more fire resistant. Gilman has reported that the incorporation of
POSS into siloxane resins has a good atomic oxygen resistance [2]. Tomczak has also
reported that the incorporation of POSS into polyimides significantly improved the
oxidation resistance of POSS polyimides when exposed to an atomic oxygen source
[3]. It is anticipated that molecular dispersion of POSS into cyanate ester resin or
epoxy/cyanate ester copolymer should increase the oxidation resistance of the control
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resins. This makes the POSS-containing cyanate ester resins attractive candidates for
space applications.
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